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ABSTRACT 
 
Full Name : [Faris Ahmed AL-Matouq] 
Thesis Title : [Prompt Gamma Analysis of Hydrogen, Carbon, Oxygen and Nitrogen 
in Bulk Samples] 
Major Field : [Physics] 
Date of Degree : [December 2013] 
 
In this study, a PGNAA setup was developed using KFUPM 350 keV accelerator to 
detect H, C and O via inelastic scattering of neutrons in bulk samples of proxy materials 
of explosives and narcotics. Due to the interference of oxygen prompt gamma rays in 
NIS, nitrogen concentration was measured in bulk samples through Thermal Neutron 
Capture (TNC) using 350 keV accelerator-based PGNAA setup, as well as MP320 
portable neutron generator-based PGNAA setup. Monte Carlo simulations were carried 
out to calculate optimum geometry of the setups including experimental geometry, 
moderator size and detector as well as accelerator shielding. 
For prompt gamma rays detection, lanthanum halide (LaBr3:Ce or LaCl3:Ce) and BGO 
detectors were tested for gamma ray detection. Best performance was observed for the 
LaBr3: Ce detector. While the LaCl3:Ce detector response was sensitive to neutron 
moderation effects in bulk sample. This enhanced chlorine prompt gamma ray 
background from LaCl3:Ce detector for sample with increasing hydrogen contents. Due 
to the interference of prompt gamma ray from chlorine in LaCl3:Ce detector and oxygen 
in bulk sample, LaCl3:Ce detector is not suitable for oxygen determination from bulk 
hydrogenous samples. 
xviii 
 
Finally, the PGNAA setups were tested by determining C, O, N, and H concentrations in 
proxy material samples for explosives and narcotics using LaBr3:Ce detector. Excellent 
agreement was observed in experimental results and results of the Monte Carlo 
simulations. 
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 ﻣﻠﺨﺺ اﺍﻟﺮﺳﺎﻟﺔ
 
 
  ﻓﺎرﺭسﺱ أﺃﺣﻣدﺩ اﺍﻟﻣﻌﺗوﻭقﻕ :اﺍﻻﺳمﻡ
 
  اﺍﻟﻛرﺭﺑوﻭنﻥ وﻭاﺍﻷﻛﺳﺟﯾﻳنﻥ ﻓﻲ اﺍﻟﻌﯾﻳﻧﺎتﺕ اﺍﻟﻛﺑﯾﻳرﺭةﺓ وﻭ أﺃﺷﻌﺔ ﻏﺎﻣﺎ اﺍﻟﻔوﻭرﺭﯾﻳﺔ ﻟدﺩرﺭاﺍﺳﺔ ﻣﺣﺗوﻭىﻯ اﺍﻟﮭﻬﯾﻳدﺩرﺭوﻭﺟﯾﻳنﻥاﺍﺳﺗﺧدﺩاﺍمﻡ  :ﻋﻧوﻭاﺍنﻥ اﺍﻟرﺭﺳﺎﻟﺔ
 
  ﻓﯾﻳزﺯﯾﻳﺎء اﺍﻟﺗﺧﺻصﺹ:
 
  ٣۳١۱٠۰٢۲دﺩﯾﻳﺳﻣﺑرﺭ  :ﺗﺎرﺭﯾﻳﺦ اﺍﻟدﺩرﺭﺟﺔ اﺍﻟﻌﻠﻣﯾﻳﺔ
 
ﻓﻲ ھﮪﮬﻫﺬهﻩ اﺍﻟﺪرﺭاﺍﺳﺔ،٬ ﺗﻢ ﺗﻄﻮﯾﻳﺮ اﺍﺳﺘﺨﺪاﺍمﻡ أﺃﺷﻌﺔ ﻏﺎﻣﺎ اﺍﻟﻨﺎﺗﺠﺔ ﻣﻦ ﺗﺤﻔﯿﻴﺰ اﺍﻟﻨﯿﻴﻮﺗﺮوﻭﻧﺎتﺕ ﻟﺮﺻﺪ اﺍﻟﮭﻬﯿﻴﺪرﺭوﻭﺟﯿﻴﻦ وﻭاﺍﻟﻜﺮﺑﻮنﻥ 
ﺎﻟﻤﻮاﺍدﺩ اﺍﻟﻤﺘﻔﺠﺮةﺓ وﻭاﺍﻟﻤﺨﺪرﺭاﺍتﺕ. وﻭﻧﻈﺮاﺍ ﺑ اﺍﻟﺸﺒﯿﻴﮭﻬﺔةﺓ اﺍﻟﻼﻣﺮﻧﺔ ﻟﻠﻨﯿﻴﻮﺗﺮوﻭﻧﺎتﺕ ﻣﻦ اﺍﻟﻌﯿﻴﻨﺎتﺕ وﻭاﺍﻷﻛﺴﺠﯿﻴﻦ ﻋﻦ طﻁﺮﯾﻳﻖ اﺍﻻﺳﺘﻄﺎرﺭ
ﻟﺘﺪاﺍﺧﻞ أﺃﺷﻌﺔ ﻏﺎﻣﺎ اﺍﻟﻔﻮرﺭﯾﻳﺔ ﻣﻦ اﺍﻷﻛﺴﺠﯿﻴﻦ ﺑﺘﻠﻚ اﺍﻟﺘﻲ ﻣﻦ اﺍﻟﻨﯿﻴﺘﺮوﻭﺟﯿﻴﻦ ﺑﺎﺳﺘﺨﺪاﺍمﻡ اﺍﻻﺳﺘﻄﺎرﺭةﺓ اﺍﻟﻼﻣﺮﻧﺔ ﻟﻠﻨﯿﻴﻮﺗﺮوﻭﻧﺎتﺕ،٬ ﻓﻘﺪ ﺗﻢ 
ﺘﺨﺪاﺍمﻡ اﺍﻟﻤﺴﺎرﺭعﻉ وﻭﺑﺎﺳﺘﺨﺪاﺍمﻡ ﻣﻮﻟّﺪ ﻗﯿﻴﺎسﺱ ﻧﺴﺒﺔ اﺍﻟﻨﯿﻴﺘﺮوﻭﺟﯿﻴﻦ ﻓﻲ اﺍﻟﻌﯿﻴﻨﺎتﺕ ﻋﻦ طﻁﺮﯾﻳﻖ اﺍﺻﻄﯿﻴﺎدﺩ اﺍﻟﻨﯿﻴﻮﺗﺮوﻭﻧﺎتﺕ اﺍﻟﺤﺮاﺍرﺭﯾﻳﺔ ﺑﺎﺳ
ﻟﻠﻌﯿﻴﻨﺎتﺕ وﻭﻟﻜﺎﺷﻒ أﺃﺷﻌﺔ  ﻟﺤﺴﺎبﺏ اﺍﻷﺑﻌﺎدﺩ اﺍﻟُﻤﺜﻠﻰ اﺍﻟﻨﯿﻴﻮﺗﺮوﻭﻧﺎتﺕ اﺍﻟﻤﺤﻤﻮلﻝ. وﻭﻗﺪ ﺗﻢ اﺍﺳﺘﺨﺪاﺍمﻡ طﻁﺮﯾﻳﻘﺔ "ﻣﻮﻧﺘﻲ ﻛﺎرﺭﻟﻮ" ﻟﻠﻤﺤﺎﻛﺎةﺓ
  ﻏﺎﻣﺎ.
ﻒ أﺃﺷﻌﺔ ﻏﺎﻣﺎ؛ "ﻟﻨﺜﺎﻧﻮمﻡ ﺑﺮوﻭﻣﺎﯾﻳﺪ" وﻭ "ﻟﻨﺜﺎﻧﻮمﻡ ﻛﻠﻮرﺭاﺍﯾﻳﺪ" وﻭ "ﺑﺰﻣﻮثﺙ ﻮاﺍﺷﺪةﺓ ﻣﻦ ﻛﺛﻼﺛﺔ أﺃﻧﻮاﺍعﻉ ﻋﻠﻰ ﺣ ِ اﺍﺧﺘﺒﺎرﺭﺗﻢ 
ﻮﺣﻆ أﺃنﻥ أﺃﻓﻀﻞ أﺃدﺩاﺍء ﻟﻜﻮاﺍﺷﻒ أﺃﺷﻌﺔ ﻏﺎﻣﺎ اﺍﻟﺘﻲ اﺍﺳﺘﺨﺪﻣﺖ ﻓﻲ ھﮪﮬﻫﺬهﻩ اﺍﻟﺪرﺭاﺍﺳﺔ ﻛﺎنﻥ أﺃدﺩاﺍء اﺍﻟﻜﺎﺷﻒ "ﻟﻨﺜﺎﻧﻮمﻡ ﺟﺮﻣﺎﻧﯿﻴﺖ"،٬ وﻭﻗﺪ ﻟ
ﻣﺘﺄﺛﺮاﺍ ﺑﻨﺴﺐ اﺍﻟﮭﻬﯿﻴﺪرﺭوﻭﺟﯿﻴﻦ اﺍﻟﻤﻮﺟﻮدﺩةﺓ ﻓﻲ اﺍﻟﻌﯿﻴﻨﺎتﺕ ﺣﯿﻴﺚ ﻛﻠﻤﺎ زﺯاﺍدﺩتﺕ ﻧﺴﺒﺔ  ﻛﺎنﻥ أﺃدﺩاﺍء "ﻟﻨﺜﺎﻧﻮمﻡ ﻛﻠﻮرﺭاﺍﯾﻳﺪ" ﻓﻘﺪﺑﺮوﻭﻣﺎﯾﻳﺪ"،٬ 
ﯾﻳﻦ اﺍﻟﻤﻮﺟﻮدﺩ ﻓﻲ اﺍﻟﻜﺎﺷﻒ اﺍﻟﺘﻲ ﺑﺪوﻭرﺭھﮪﮬﻫﺎ ﺗﺘﺪاﺍﺧﻞ اﺍﻟﮭﻬﯿﻴﺪرﺭوﻭﺟﯿﻴﻦ ﻓﻲ اﺍﻟﻌﯿﻴﻨﺔ ﻛﻠﻤﺎ زﺯاﺍدﺩتﺕ أﺃﺷﻌﺔ ﻏﺎﻣﺎ اﺍﻟﻔﻮرﺭﯾﻳﺔ اﺍﻟﻨﺎﺗﺠﺔ ﻣﻦ اﺍﻟﻜﻠﻮرﺭ
  .ﻣﻨﺎﺳﺒﺎ ًﻟﮭﻬﺬهﻩ اﺍﻟﺪرﺭاﺍﺳﺔ "ﻟﻨﺜﺎﻧﻮمﻡ ﻛﻠﻮرﺭاﺍﯾﻳﺪ"،٬ ﻟﺬاﺍ ﻟﻢ ﯾﻳﻜﻦ اﺍﻟﻜﺎﺷﻒ ﻣﻊ أﺃﺷﻌﺔ ﻏﺎﻣﺎ اﺍﻟﻔﻮرﺭﯾﻳﺔ اﺍﻟﻨﺎﺗﺠﺔ ﻣﻦ اﺍﻷﻛﺴﺠﯿﻴﻦ ﻓﻲ اﺍﻟﻌﯿﻴﻨﺎتﺕ
 وﻭأﺃﺧﯿﻴﺮاﺍ،٬ ﺗﻢ اﺍﺧﺘﺒﺎرﺭ اﺍﻟﻄﺮﯾﻳﻘﺔ ﻟﺘﺤﺪﯾﻳﺪ ﻧﺴﺐ اﺍﻟﮭﻬﯿﻴﺪرﺭوﻭﺟﯿﻴﻦ وﻭاﺍﻟﻨﯿﻴﺘﺮوﻭﺟﯿﻴﻦ وﻭاﺍﻟﻜﺮﺑﻮنﻥ وﻭاﺍﻷﻛﺴﺠﯿﻴﻦ ﻣﻦ اﺍﻟﻌﯿﻴﻨﺎتﺕ اﺍﻟﺸﺒﯿﻴﮭﻬﺔ ﺑﺎﻟﻤﻮاﺍدﺩ
اﺍﻟﻤﺘﻔﺠﺮةﺓ وﻭاﺍﻟﻤﺨﺪرﺭاﺍتﺕ،٬ وﻭﻗﺪ ﺗﻮاﺍﻓﻘﺖ اﺍﻟﻨﺘﺎﺋﺞ اﺍﻟﻤﺨﺒﺮﯾﻳﺔ ﻣﻊ اﺍﻟﻨﺘﺎﺋﺞ اﺍﻟﻨﻈﺮﯾﻳﺔ اﺍﻟﻤﺤﺴﻮﺑﺔ ﺑﻄﺮﯾﻳﻘﺔ "ﻣﻮﻧﺘﻲ ﻛﺎرﺭﻟﻮ" ﻟﻠﻤﺤﺎﻛﺎةﺓ.
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CHAPTER 1 
INTRODUCTION 
Elemental analysis of materials has a broad range of applications, from quality control 
tasks in mining and manufacturing industries [1, 2] to content monitoring of cargo 
containers for Homeland Security [3]. It is also used in building construction industries to 
monitor elemental concentrations in concrete [4, 5], and it is used in environmental and 
health sciences for monitoring water and soil contaminations. Several techniques have 
been developed for the elemental analysis of bulk samples [6-19]. Some of the important 
ones include nuclear (neutrons) techniques [7-12], X-ray and gamma ray techniques [14], 
micro-wave techniques [15, 16], Quadruple Resonance [17], and Dielectrometry [18]. X-
ray and neutron techniques are commonly used to screen the luggage but X-ray technique 
has some serious limitations due to small absorption in, and incoherent scattering of x-
rays from the low Z elements present in most explosives and illicit drugs. The other 
disadvantage of X-ray inspections is due to its reliance on shape recognition technique. 
Prompt Gamma-Ray Neutron Activation Analysis (PGNAA) technique 
Nuclear techniques, in particular Prompt Gamma-Ray Neutron Activation Analysis 
(PGNAA) technique, are non-destructive and rapid material characterization techniques 
[1-10]. Furthermore, these techniques are non-intrusive due to highly penetrating nature 
of neutrons and associated prompt gamma rays. In Prompt Gamma Ray Neutron 
Activation Analysis (PGNAA) technique, the material is irradiated with neutrons and 
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prompt γ-rays are produced either through neutron inelastic scattering (n, nʹ′γ) or thermal 
neutron capture (nth, γ). The PGNAA technique based upon Neutron (N) Inelastic (I) 
Scattering (S) is called NIS technique while that based upon Thermal (T) Neutron (N) 
Capture (C) is called TNC technique. The elemental concentrations of the sample can 
then be determined from a measurement of the intensities of respective prompt γ-rays. 
Additionally, elemental concentrations are also measured using other neutron techniques 
such as fast neutron scattering [11, 12], and fast neutron absorption [9, 10] to detect 
explosives and narcotics through C, N and O measurements. 
In the PGNAA technique, a material is typically irradiated with fast neutrons. Some of 
the fast neutrons are moderated in an external moderator. These neutrons interact with the 
material through neutron inelastic scattering (n, nʹ′γ) or thermal neutron capture (nth,γ) to 
produce prompt γ-rays. The elemental concentrations in the sample can then be 
determined from the intensity of prompt γ-rays produced, either through neutron inelastic 
scattering (n, nʹ′γ) or thermal neutron capture (nth,γ), or both. The interaction between 
neutron and sample is illustrated in Figure 1.1. Figure 1.2 shows prompt gamma rays 
energies due to inelastic scattering of neutrons from C, N and O elements. There are 
some advantages in choosing the prompt γ-rays produced by thermal neutron capture for 
elemental analysis because prompt γ-rays from neutron inelastic scattering can originate 
from several sources, such as beam line components and structural materials of the 
experimental setup, while the prompt γ-rays from the thermal capture are localized and 
mainly restricted to the space surrounded by the thermal neutron region. This localized 
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region of the prompt γ-rays allows improving the shielding against the background γ-
rays. 
 
Figure 1.1 Schematic diagram demonstrating neutron capture process & the nuclear decay products [20] 
 
 
 
Figure 1.2 Gamma Ray decay scheme from inelastic scattering of neutrons from C, N and O 
 
4 
 
PGNAA Application in Contraband Detection 
Particularly, N, C, H and O element concentration measurements can be used in cargo 
and luggage screening to check transport of explosive, narcotics and other contraband 
material concealed in transport containers across the borders [3, 6, 7]. As shown in Figure 
1.3 [6] most of the explosives and illicit drugs contain H, C, N and O elements in 
different concentration than those in innocuous materials.  
 
 
Figure 1.3 Bar chart showing the elemental concentrations in low Z materials [6] 
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Figure1.3 shows H, C, N and O elements concentrations in various materials. Explosives 
contain relatively high concentrations of oxygen and nitrogen and relatively low 
concentrations of carbon and hydrogen. On the other hand, illicit drugs have large 
concentrations of hydrogen and carbon and small concentrations of nitrogen and oxygen. 
Moreover, most of the explosives have densities that range from 1.2 to 2.0 g cm−3 which 
are generally larger than most of innocuous HCNO substances. These features can be 
used to differentiate contraband from innocuous materials concealed in cargo containers. 
Explosive can be molded or packed into any form and this makes their detection through 
shape recognition very difficult [14]. These difficulties have been overcome in neutron-
based techniques. 
 
The objective of this study is to design and test a T(d,n)- and a D(d,n)-reaction based 
PGNAA setups with an external moderator for measurement of C, N, O and H 
concentrations in low Z organic materials. Detection limits of the facility are obtained 
through prompt gamma analysis of C, O, N and H in the samples. Monte Carlo 
simulation are carried out in order to determine the optimum experimental geometry 
including sample size, moderator size, detector and accelerator shielding of the proposed 
setups. Finally theoretical yield of C, N, O and H prompt gamma rays are calculated from 
the sample specimens. The experimental results are compared with the theoretical results. 
The results of this study can be utilized to design a PGNAA setup to measure C, O, N and 
H concentrations in cargos for explosives and narcotics detection. 
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CHAPTER 2 
DESIGN CALCULATIONS USING MCNP CODE 
In this study, design of the PGNAA NIS- and TNC-based setups were obtained through 
Monte Carlo simulations. The MCNP code (Monte Carlo N-Particles code) is used to 
transport neutral particles. It can be used in several transport modes; neutron only, photon 
only, electron only or combined neutron/photon transport where neutron interactions 
produce photons. The code can be used to duplicate a statistical process such as the 
interaction of nuclear particles with materials. It is particularly useful for complex 
problems that cannot be modeled by computer codes that use deterministic methods. The 
individual probabilistic events that comprise a process are simulated sequentially. The 
probability distributions governing these events are statistically sampled to describe the 
entire process. In general, the simulation is performed on a digital computer since the 
number of trials necessary to effectively describe the phenomenon is usually quite large. 
The statistical sampling process is based on the selection of random numbers. Monte 
Carlo technique is preeminently realistic (a theoretical experiment). It consists of actually 
following each of many particles from a source throughout its life to its death in some 
terminal category (absorption, escape, etc.). Probability distributions are randomly 
sampled using transport data to determine the outcome at each step of its life [22]. During 
the transport process the code specifically transports the predetermined particles and 
reaction channels. Generally, neutrons and gamma rays are the common neutral particles 
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nuclear interactions encountered by the neutral particles in such experiments are: capture, 
elastic and inelastic scattering etc… In the following brief, descriptions of these 
processes relevant to MCNP code are given. 
 
2.1     Neutron Interactions 
A neutron can interact with the nucleus in many ways. It can be one of two main types, 
either scattering (including elastic and inelastic) or absorption. When a neutron is 
absorbed by a nucleus, several reaction channels are opened such as (n, γ),  (n, f), (n, α) 
etc… The MCNP code with built-in theoretical basis takes care of the transport of the 
respective particle for the required reaction. The PGNAA setups design calculations of 
this study mainly needed elastic and inelastic scattering as well as capture processes of 
the particles. 
 
Inelastic Scattering 
The treatment of inelastic scattering depends upon the particular inelastic reaction 
chosen. Inelastic reactions are defined as (n, y) reactions such as in which y includes at 
least one neutron. For many inelastic reactions, such as (n, 2n), more than one neutron 
can be emitted for each incident neutron. The weight of each exiting particle is always the 
same as the weight of the incident particle minus any implicit capture. Various scattering 
laws that are sampled independently from the cross-section files for each exiting particle 
govern the energy of exiting particles. Which law is used is prescribed by the particular 
cross-section evaluation used. In fact, more than one law can be specified, and the 
particular one used at a particular time is decided with a random number.  
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The exiting particle energy and direction in the target -at rest- (laboratory) coordinate 
system are related to the center of mass energy and direction as follows [22]: 
 , and  
Where:  
= Exiting particle energy (laboratory) 
= Exiting particle energy (center of mass) 
E= Incident particle energy (laboratory) 
= Cosine of center of mass scattering angle 
= Cosine of laboratory scattering angle 
A = Atomic weight ratio (mass of nucleus divided by mass of incident particle.) 
 
Neutron Capture 
MCNP treats neutron capture in one of two ways: analog or implicit. Either way, the 
incident incoming neutron energy does not include the relative velocity of the target 
nucleus from the free gas thermal treatment because non-elastic reaction-cross sections 
are assumed to be nearly independent of temperature. In MCNP, "absorption" and 
"capture" are used interchangeably, and are used interchangeably also [22]. 
a. Analog Capture: In analog capture, the particle is killed with probability 
where and are the absorption and total cross sections of the collision 
nuclide at the incoming neutron energy respectively. The absorption cross section 
is specially defined for MCNP as the sum of all (n, x) cross sections, where x is 
!E = !Ecm +
E + 2µcm A+1( ) E !Ecm
A+1( )2
"
#
$
$
%
&
'
'
µlab = µcm
!Ecm
!E +
1
A+1
E
!E      (2.1)
!E
!Ecm
µcm
µlab
σ c σ a
σ a /σ T
σ a σ T
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anything except neutrons. Thus is the sum of  . . . etc. For all 
particles killed by analog capture, the entire particle energy and weight are 
deposited in the collision cell. 
b. Implicit Capture: For implicit capture, the neutron weight is reduced to  
such that , the fraction  of the incident particle 
weight and energy is deposited in the collision cell corresponding to that portion 
of the particle that was captured. Implicit capture is the default method of neutron 
capture in MCNP. 
 
2.2     Photon Interactions 
Photons interact with mater via three different ways: photoelectric effect, pair production 
and scattering. 
 
Photoelectric Effect 
The photoelectric effect consists of the absorption of the incident photon of energy E, 
with the consequent emission of several fluorescent photons and the ejection (or 
excitation) of an orbital electron of binding energy e < E, giving the electron a kinetic 
energy of E - e. Zero, one, or two fluorescent photons are emitted. The description of 
those three cases is as follows [22]: 
(1) Zero photons greater than 1 keV are emitted. In this event, the cascade of 
electrons that fills up the orbital vacancy left by the photoelectric ejection 
produces electrons and low-energy photons. These particles can be followed in 
σ a σ n,γ ,  σ n,α,  σ n,d
Wn Wn'
Wn' = [1− (σ a /σ T )]Wn (σ a /σ T )
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Mode P E problems, or be treated with the TTB (Thick-Target Bremsstrahlung) 
approximation, or be assumed to deposit energy locally. Because no photons are 
emitted by florescence (some may be produced by electron transport or the TTB 
model), the photon track is terminated. This photoelectric "capture" of the photon 
is scored like analog capture in the summary table of the output file. Implicit 
capture is not possible. 
 
(2) One fluorescent photon of energy greater than 1 keV is emitted. The photon 
energy is the difference in incident photon energy E, less than the ejected 
electron kinetic energy E - e, and less than the residual excitation energy  that is 
ultimately dissipated by further Auger processes. This dissipation leads to 
additional electrons or photons of still lower energy. The ejected electron and any 
Auger electrons can be transported or treated with the TTB approximation. In 
general,  
 
(3) Two fluorescence photons can occur if the residual excitation of process (2) 
exceeds 1 keV. An electron of binding energy can fill the orbit of binding 
energy , emitting a second fluorescent photon of energy . As before, 
the residual excitation is dissipated by further Auger events and electron 
production that can be modeled with electron transport in Mode P E calculations, 
approximated with the TTB model, or assumed to deposit all energy locally. 
These secondary transitions come from all upper shells and go to L shells. 
 
!E
!e
!E = E − (E − e)− !e = e− !e
!e
!!e
!e !!E = !e − !!e
!!e
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Pair Production 
This process is considered only in the field of a nucleus. The threshold is
, where M is the nuclear mass and m is the mass of the 
electron. There are three cases [22]: 
(1) In the case of electron transport (Mode P E), the electron and positron are created 
and banked and the photon track terminates.  
(2) For Mode P problems with the TTB approximation, both an electron and positron 
are produced but not transported. Both particles can make TTB approximation 
photons. If the positron is below the electron energy cutoff, then it is not created 
and a photon pair is created as in the following case. 
(3) For Mode P problems when positrons are not created by the TTB approximation, 
the incident photon of energy E vanishes. The kinetic energy of the created 
positron/electron pair, assumed to be , is deposited locally at the 
collision point. The positron is considered to be annihilated with an electron at the 
point of collision, resulting in a pair of photons, each with the incoming photon 
weight, and each with energy of . The first photon is emitted 
isotropically, and the second is emitted in the opposite direction. The very rare 
single-annihilation photon of 1.022 MeV is omitted. 
 
Incoherent (Compton) Scattering 
To model Compton scattering it is necessary to determine the angle  of scattering from 
the incident line of flight (and thus the new direction), the new energy of the photon, 
and the recoil kinetic energy of the electron, . The recoil kinetic energy can be 
2mc2 = [1+ (m /M )]≅1.022 MeV
E − 2mc2
2mc2 = 0.511 MeV
θ
!E
E − "E
12 
 
deposited locally, and can be transported in Mode P E problems, or can be treated with 
the TTB approximation. Incoherent scattering is assumed to have the differential cross 
section  where  is an appropriate scattering factor 
modifying the Klein-Nishina cross section in Equation (2.3). 
The differential cross section for the process is given by the Klein-Nishina formula: 
 
Where ro is the classical electron radius 2.817938 x 10-13cm,  and  are the incident 
and final photon energies in units of 0.511 MeV [ , where m is the mass of 
the electron and c is the speed of light], and [22]. 
 
Coherent (Thomson) Scattering 
Thomson scattering involves no energy loss, and thus is the only photon process that 
cannot produce electrons for further transport and that cannot use the TTB 
approximation. Only the scattering angle  is computed, and then the transport of the 
photon continues. The differential cross section is where
 is a form factor modifying the energy-independent Thomson cross-section
[22]. 
 
2.3     MCNP Features 
Various features, concepts, and capabilities of MCNP are summarized in this section. 
Files created in MCNP contains the information to describe the various parts of the setup 
σ1(Z,α,µ)dµ = I(Z,v)K(α,µ) I(Z,v)
K(α,µ)dµ = πro2
!α
α
"
#
$
%
&
'
2
!α
α
+
α
!α
+µ 2 −1)
*+
,
-.
dµ      (2.3)
α !α
α = E / (mc2 )
!α =α / [1+α(1−µ)]
θ
σ 2 (Z,α,µ)dµ =C2 (Z,v)T (µ)dµ
C(Z,v)
T (µ) = πro2 (1+µ 2 )dµ
13 
 
design including: a) Geometry specification, b) Materials and cross-section evaluations, 
c) The neutron, photon, or electron source location and characteristics, d) The desired 
type of answers or tallies, e) Variance reduction techniques used to improve the 
efficiency [22].  
 
Experimental Geometry Specification  
MCNP geometry treats an arbitrary three-dimensional configuration of user-defined 
materials in geometric cells bounded by first- and second-degree surfaces and fourth-
degree elliptical tori. The cells are defined by the intersection, unions, and complements 
of the regions bounded by the surfaces. Surfaces are defined by supplying coefficients to 
the analytic surface equations or, for certain types of surfaces, known points on the 
surfaces. MCNP has a more general geometry than is available in most combinatorial 
geometry codes. Instead of combining several predefined geometrical bodies as in a 
combinatorial geometry scheme, MCNP gives the user the flexibility of defining 
geometrical regions from all the first and second degree surfaces of analytical geometry 
and elliptical tori and then of combining them with Boolean operators. The code does 
extensive internal checking to find input errors. Additionally, the geometry-plotting 
capability in MCNP helps the user check for geometry errors [22]. 
 
 
Material and Nuclear Cross-Section Data Library 
MCNP code uses continuous-energy nuclear and atomic data libraries. Over 500 neutron 
interaction tables are available for approximately 100 different isotopes and elements. 
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Multiple tables for a single isotope are provided primarily because data have been 
derived from different evaluations, but also because of different temperature regimes and 
different processing tolerances. Photon interaction tables including coherent and 
incoherent scattering, photoelectric absorption exist for all element from Z=1 through 
Z=94. Cross sections for nearly 2000 dosimetry or activation reactions involving over 
400 target nuclei in ground states are part of the MCNP data package. Users may select 
specific data tables through unique identifiers for each table.  
 
Neutron and Gamma Source Specification  
In MCNP the user is allowed to specify a wide variety of source conditions without 
making code modifications. Independent probability distributions may be specified for 
the source variables of energy, time, position and direction, and for other parameters such 
as starting cell(s) or surface(s). Information about the geometrical extent of the source 
can also be given. The source selection list in the input file is symbolized by SDEF, 
which is followed by some source parameter, such as position, energy, radiation 
type…etc. [22].  
 
Tallies and Output 
Tallies represent the digital record of the random events from neutron interaction with the 
sample elements. MCNP can be instructed to make various tallies related to particle 
current, particle flux, and energy deposition. MCNP tallies are normalized to be per 
starting particle except for a few special cases with criticality sources. Currents can be 
tallied as a function of direction across any set of surfaces, surface segments, or sum of 
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surfaces in the problem. Charge can be tallied for electrons and positrons. Fluxes across 
any set of surfaces, surface segments, sum of surfaces, and in cells, cell segments, or sum 
of cells are also available. Similarly, the fluxes at designated detectors are standard tallies 
[22]. 
Estimation of Monte Carlo Errors  
MCNP tallies are normalized to be per starting particle and are printed in the output 
accompanied by a second number R, which is the estimated relative error defined to be 
one estimated standard deviation of the mean divided by the estimated mean
. In MCNP, the quantities required for this error estimate are computed after 
each complete Monte Carlo history, which accounts for the fact that the various 
contributions to a tally from the same history are correlated. For a well-behaved tally, R 
will be proportional to  where N is the number of histories. Thus, we must 
increase the total number of histories fourfold in order to halve R. For a poorly behaved 
tally, R may increase as the number of histories increases. The quantity R should be less 
than 0.10 to produce generally reliable confidence intervals. For a given MCNP run, the 
computer consumed time T proportional to N. Thus: 
, where C is a positive constant. There are two ways to reduce R (estimated 
relative error); by increasing T and / or decreasing C. Computer budgets often limit the 
utility of the first approach. For example, if it has taken 2 hours to obtain , then 
200 hours will be required to obtain . For this reason MCNP has special variance 
reduction techniques for decreasing C, the constant C depends on the tally choice and / or 
the sampling choices [22]. 
Sx x
(R = Sx / x )
1/ N
R =C T
R = 0.10
R = 0.01
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CHAPTER 3 
DESIGN AND TESTS OF ACCELERATOR-BASED 
PGNAA SETUPS 
In this part, the performance tests of a D-D reaction based portable pulsed neutron 
generator model MP320 for PGNAA are discussed. The optimum operating beam energy 
and beam current of the MP320 generator were determined through prompt gamma-ray 
yield measurements from iron. 
The performance of 3 in x 3 in (diameter x height) lanthanide-halides (LaBr3:Ce and 
LaCl3:Ce) gamma-ray detectors was evaluated by analyzing Boron and Cadmium-
contaminated water samples. Also, a 5 in x 5 in (diameter x height) bismuth germinate 
(BGO) gamma ray detector was tested by analyzing Hg-contaminated water samples. 
Finally, the chlorine prompt gamma ray yield was measured from saline water samples 
containing 1.0 to 4.0 wt. % chlorine to test the suitability of the PGNAA setup for sample 
analysis. 
 
3.1     Monte Carlo Design Calculations of PGNAA Setup 
The PGNAA setup was designed using MCNP4B2 code [22]. This code is used to 
transport neutral radiation like gamma rays and neutrons through a predefined 
geometrical setup. 
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As shown in Figure 3.1, the PGNAA setup consists of a cylindrical sample placed in a 
cylindrical cavity drilled inside a cylindrical high density polyethylene moderator. A 
cylindrical gamma-ray detector is used with its longitudinal axis aligned along the 
sample’s longitudinal axis. The neutron beam axis is at right angle with respect to the 
longitudinal axis of the cylindrical specimen. In order to prevent undesired gamma-rays 
and neutrons from reaching the detector, 3 mm thick lead shielding and 50 mm thick 
neutron shielding are used to surround the gamma-ray detector. The neutron shielding is 
made of a mixture of paraffin and lithium carbonate mixed in equal weight proportions. 
 
Figure 3.1 Schematic of MP320 portable neutron generator based PGNAA setup. 
The optimum values of the sample radius and length that can produce maximum yield of 
the prompt gamma-rays at the detector location were determined from Monte Carlo 
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simulations [24, 25]. They were obtained through prompt gamma-ray yield calculations 
from an iron sample as a function of the sample radius and length for the moderator with 
200-350 mm outer diameter. The iron sample was chosen because it has high energy 
prompt gamma-rays that can be easily discriminated from the low energy room-scattered 
inelastic gamma rays. The energies and production cross-sections of prompt gamma rays 
of iron are given in Table 3.1 [23]. The design calculations of the PGNAA set up were 
carried out utilizing a PC based workstation. The moderators and sample cells were 
divided into sub-cells of 1 cm thickness. This allowed study of the transport of the 
neutrons of appropriate statistical weight to the next adjacent cell, without any loss. A 
mono-energetic neutron source was simulated and energy deposition tally was used to 
simulate the gamma ray detector. 
 
Table 3.1 Energies and partial elemental cross section σγz(Eγ) of  prominent capture gamma rays of 
iron [23]. 
Figure 3.2 shows the 7.6 MeV prompt gamma-ray yield from an iron sample as a 
function of sample radius for three moderators with 200, 250 and 300 mm radii. For 250 
Element Gamma-ray energy 
(MeV) 
σγz(Eγ)-barns 
 
Fe 
5.920 0.225 
6.018 0.227 
7.278 0.137 
7.631 0.653 
7.645 0.549 
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mm diameter moderator, the gamma-ray yield increases with the sample radius, reaches a 
maximum value for sample with 40 mm radius and then decreases with a further increase 
in the sample radius. The initial increase in the intensity of prompt gamma-rays with 
specimen radius is due to an increase in the sample size and the sharp decrease in the 
prompt gamma-ray yield for sample radii in excess of 40 mm may be due to the 
insufficient wall thickness of the moderator to moderate and reflect the neutrons. A 
similar behavior has been observed for prompt gamma-ray yield from the other two 
moderators with 200 and 300 mm radii but with lesser intensity of maximum prompt 
gamma-ray yield for optimum sample radii. 
 
Figure 3.2 Calculated prompt gamma-ray yield plotted as a function of sample radius for moderators 
with 200, 250 and 300 mm diameter. 
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For moderators with 200 and 300 mm external diameter, the optimum radii of the sample 
to produce maximum yield of gamma-rays were observed to be about 30 and 50 mm, 
respectively. For the three moderators the wall thickness of the moderator to produce 
maximum thermal neutron flux varies between six and seven cm. With increasing 
moderator diameter, the corresponding maximum intensity of the prompt gamma-rays 
drops due to increasing distance of the cylinder center from the neutron source. Results of 
the calculations for the three moderator diameters shows that the optimum gamma ray 
yield is obtained with a 40 mm sample radius for a moderator with 250 mm outer 
diameter. Plastic cylindrical containers of 90 mm diameter were commercially available 
and were used as sample containers. Therefore, a 45 mm sample radius was used in 
further calculations. The gamma ray yield does not change significantly by increasing the 
sample radius from 40 mm to 45 mm, and finally, the sample length was varied to obtain 
the maximum prompt gamma-ray yield. Figure 3.3 shows the prompt gamma-ray yield 
for iron as a function of the sample length for a 45 mm radius sample and a moderator 
with 250 mm outer diameter. 
The prompt gamma-ray yield initially increases with sample length up to 120 mm, 
saturates over a sample length of 120-130 mm, and drops off with further increase in 
sample length. The initial increase in the yield is due to increasing sample size while the 
yield saturation may be due to a balance between gamma-ray production and attenuation 
over the length of the sample. The final drop in the yield is due to dominating gamma-ray 
attenuation effects over the length of sample. Due to the availability of 90 mm diameter 
and 140 mm long plastic containers, a sample with 90 mm diameter and 140 mm length 
was selected. Extension from an optimum sample length of 120-130 mm to 140 mm may 
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result in a gamma ray yield loss of only 2-3%, which can be compensated by increasing 
the neutron flux. 
 
Figure 3.3 Calculated prompt gamma-ray yield plotted as a function of sample length for 250 mm 
diameter moderator and 45 mm sample radius. 
 
3.2     Portable Neutron Generator Tests 
Portable neutron generators are widely used in neutron activation field measurements. 
KFUPM has acquired a ThermoScientific® MP320 D(d,n) reaction based 2.5 MeV 
portable neutron generator for its prompt gamma analysis program. It is lightweight, 
about 10 kg, and is suited for field or laboratory applications. Table 3.2 shows some of 
the MP320 specifications [21]. 
 
22 
 
MP320 Parameters Values 
Maximum neutron yield, n/s 2x 106 
Rated neutron yield,* n/s >1x 106 
Time @ rated yield, hours 600 
Pulse frequency range, Hz 100–20,000 
Pulse duty cycle range 5–100% 
Pulse rise time, µs Variable <1 
Pulse fall time, µs <1, <1 
Minimum pulse width, µs 5 
Operating high voltage, kV 45-75 
Beam current, µA 25-80 
Operating temperature range, °C –25 to +50  
Input power requirements 120/220 VAC (50–60 Hz) 
Total system weight, kg 12 
Neutron generator weight, kg 10 
Neutron generator physical 
dimension (Diameter x Length) 
12.1 cm x 57.2 cm 
 
Table 3.2 MP320 Neutron generator specifications sheet [21] 
* Rated yield for D-D neutron MP320 generator 
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Neutrons with 2.5 MeV energy are produced in the MP320 generator using a 30-80 µA 
deuteron beam current accelerated through an accelerator voltage of 45-75 kV. The 
neutron flux produced by the accelerator depends upon the deuteron beam current and 
energy, taking into account beam energy loss in the neutron-producing target. In order to 
lengthen the useful life of the neutron-producing target of the generator, one needs to 
determine the optimum operating voltage of the accelerator to produce the maximum 
neutron flux.  
The optimum beam voltage and current of the MP320 neutron generator were determined 
from prompt gamma-ray yield measurement from an iron sample as a function of the 
generator beam voltage and current. The cylindrical iron sample, with 90 mm x 140 mm 
(diameter x height) dimensions, was enclosed in the moderator with 250 mm diameter 
and was irradiated with a 2.5 MeV pulsed neutron beam from the portable neutron 
generator. 
The portable neutron generator can deliver continuous (dc) or pulsed neutrons. In dc 
mode, the gamma ray background is continuously produced due to the interaction of 
thermal and fast neutrons with the detector, shielding material and material of the beam 
lines. In pulsed mode, the average beam associated gamma ray background is less. 
Therefore pulsed beam gamma ray spectra have improved signal-to-background ratio as 
compared to dc beam experiments. The neutron generator was operated in pulsed mode at 
250 Hz frequency with 5 % duty cycle. The deuteron pulse had a width of 200 µs. The 
typical beam voltage and current of the generator were 70 kV and 70 µA. The prompt 
gamma-rays produced in the iron samples were detected by a cylindrical 125 mm by 125 
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mm (diameter x length) bismuth germinate (BGO) detector. The BGO detector was 
chosen because of its higher resistance to neutron radiation damage [26].  
The prompt gamma-ray yield data from the iron sample were acquired as a function of 
deuteron beam energy and deuteron beam current. The prompt gamma-ray yield data was 
taken for deuteron beam energies of 45, 50, 55, 60, 65, 70 and 75 keV and for 30, 40, 50, 
60 and 70 µA. Figure 3.4 shows a prompt gamma-ray experimental pulse height spectrum 
from an iron sample with a 50 keV deuteron beam and 70 µA beam current showing 
different prompt gamma rays peaks over 0.68 MeV to 9.86 MeV energy range. Also 
superimposed on the spectrum is the background gamma ray spectrum taken without the 
sample using a 45 keV deuteron beam with 70 µA beam current. The background 
spectrum will be used to extract net peak counts. 
There are several prompt gamma-rays emitted due to thermal neutron capture in the iron 
sample, BGO detector material, hydrogen moderator material as well as lead shielding, as 
shown in Figure 3.4. The main prompt gamma-rays are emitted by iron at 5.902, 6.018, 
7.278, 7.631 and 7.645 MeV. Due to the poor energy resolution of the BGO detector 
(about 11 % energy resolution for 662 keV gamma rays from 137Cs source), the gamma-
rays of energies 5.902 and 6.018 MeV could not be resolved, neither could the gamma-
rays at 7.631 and 7.645 MeV. The relative cross sections of theses gamma-rays are given 
in Table 3.1 [23]. 
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Figure 3.4 Prompt gamma-ray experimental pulse height spectrum from an iron sample with 50 keV 
deuteron beam and 70 µA beam current showing different prompt gamma rays peaks. Also 
superimposed on the spectrum is background gamma ray spectrum without the sample taken with 45 
keV deuteron beam and 70 µA beam current 
 
Figure 3.5 shows the pulse height spectra of gamma-rays over 2.72-9.86 MeV energy 
range from the iron sample taken at 50 kV accelerator operating voltage with 70 µA 
beam current along with the gamma-ray background spectrum taken without sample at 50 
kV operating voltage and 70 µA beam current.  
The main features of Figure 3.5 are the significant increase in intensity of iron peaks at 
5.902 - 6.018 MeV against the background spectrum, the interference of iron gamma ray 
doublet at 7.631- 7.645 MeV with the prompt gamma-ray peak from 207Pb at 7.367 MeV 
present in the background spectrum, and the interference of the full energy peak at 7.278 
MeV from iron with the single escape peaks of the iron doublet at 7.631- 7.645 MeV as 
well as single escape peak of 7.367 MeV from 207Pb. 
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Figure 3.5 Prompt gamma-ray experimental pulse height spectra over 2.72-9.86 MeV from an iron 
sample taken with 50 keV beam voltage and 70 µA beam current of the accelerator along with 
background gamma-ray spectrum. Also superimposed is the difference spectrum. 
 
The prompt gamma ray peaks due to capture of thermal neutrons in Bi present in the 
BGO detector appear at 4.054 and 4.171 MeV in sample and background spectra. Also 
superimposed in Figure 3.5 is the difference spectrum, which was obtained by subtracting 
the background spectrum from the iron sample spectrum. The difference spectrum clearly 
shows the 5.902-6.018 MeV, 7.278 MeV, and the 7.63-7.64 MeV iron gamma ray peaks 
sitting on an almost constant background.  
Figure 3.6 shows the pulse height gamma-ray spectra over 2.72-9.86 MeV energy range 
from an iron sample taken at 45-75 kV accelerator operating voltage in 5 keV steps with 
fixed 70 µA beam current. Also, superimposed in Figure 3.6 is a prompt gamma-ray 
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pulse height background spectrum taken without sample at 45 kV operating voltage and 
70 µA beam current. 
 
Figure 3.6 Prompt gamma-ray experimental pulse height spectra from an iron sample over 2.72-9.86 
MeV taken with 45, 50, 55, 60, 65, 70 and 75 keV deuteron beam with 70 µA beam current. Also 
superimposed on the spectrum is background gamma-ray spectrum. 
 
The main feature of Figure 3.6 is the increasing intensity of 5.92-6.02 MeV, 7.28 MeV, 
and 7.63-7.64 MeV iron prompt gamma ray peaks with increasing operating voltage of 
the accelerator (hence increasing neutron flux). In order to obtain the prompt gamma-ray 
yield as a function of beam voltage, the background spectra were subtracted from the iron 
spectra shown in Figure 3.6. 
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Figure 3.7 shows the difference spectra of prompt gamma-rays from the iron sample 
spectra shown in Figure 3.6 after subtracting the background. Prominent prompt gamma-
ray peaks at 5.92-6.02 MeV, 7.28 MeV and 7.63-7.64 MeV from iron are clearly visible. 
 
Figure 3.7 Prompt gamma-ray pulse height difference spectra from an iron sample over 2.72-9.86 
MeV for 45, 50, 55, 60, 65, 70  and 75  keV deuteron beam at 70 µA beam current. 
 
Finally, the counts under each peak were integrated and normalized to the same amount 
of measurement time. Figure 3.8 shows the normalized experimental yield of 7.63-7.64 
MeV prompt gamma-rays from iron plotted as a function of deuteron beam current for 
45, 50, 55, 60, 65, and 70 keV deuteron beams. Lines are drawn through the points to 
show the data trend. The yield of 7.63-7.64 MeV prompt gamma-rays increases with 
increasing beam current as well as beam voltage. The optimum operating parameters of 
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the MP320 neutron generator to produce maximum yield of prompt gamma-ray yield 
were observed to be 60 keV deuteron beam energy with 60 µA beam current. 
 
Figure 3.8 Experimental integrated yield of 7.6 MeV prompt gamma-rays from iron plotted as a 
function of 30, 40, 50, 60 and 70 µA beam current for 45, 50, 55, 60, 65, and 70 keV deuteron beam 
energies. Lines are drawn through the points to show the data trend. 
 
3.3     Gamma Ray Detectors Tests  
In order to obtain the maximum yield of detected gamma rays, the performance of 3 in x 
3 in lanthanide-halides (LaBr3:Ce and LaCl3:Ce) gamma-ray detectors was evaluated by 
performing analysis of Boron and Cadmium contaminated water samples. Also, a 5 
inches x 5 inches (diameter x height) bismuth germinate (BGO) gamma ray detector was 
evaluated by performing analysis of Hg-contaminated water samples. 
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Experimental Setup 
For the 3 in x 3 in lanthanide-halides (LaBr3:Ce and LaCl3:Ce) gamma-ray detectors a 
common setup was used, it consists of a cylindrical sample placed inside a cylindrical 
moderator made of high density polyethylene, as shown in Figure 3.9. A gamma-ray 
detector was placed with its longitudinal axis aligned along the major axis of the 
moderator. The Longitudinal axis of the sample was at right angle to the neutron beam 
axis. Lead shielding of 3 mm and paraffin shielding of 50 mm were provided around the 
detector in order to minimize unwanted gamma-rays and neutrons at the detector. 
Neutron shielding was made up of a mixture of paraffin and lithium carbonate mixed in 
equal weight proportions.  
 
Figure 3.9 Schematic representation of the MP320 portable neutron generator used to measure the 
prompt gamma-ray yield from boron & cadmium samples. 
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The results of the Monte Carlo simulations showed that the optimum dimensions for 
radius and length were 90 and 145 mm, respectively, for a moderator of 25 cm outer 
diameter. Boron- and Cadmium-contaminated water samples were prepared by mixing B 
and Cd compounds with water. The Boron samples were prepared by mixing 0.031, 
0.125, 0.250 and 0.5 wt% B with a known volume of water [27, 28]. The Cadmium 
samples were prepared with 0.0625, 0.125, 0.250 and 0.500 wt% Cd, mixed with a 
known volume of water. 
Samples are put in cylindrical plastic bottles of 14 cm length and 9 cm internal diameter. 
They were then irradiated using a pulsed beam of 2.5 MeV neutrons with 70 keV voltage 
and a current of 70 µA. The prompt gamma-ray data from B- and Cd-contaminated water 
samples was acquired for 25 min. 
Detectors signals were acquired using standard NIM electronics modules. For each 
detector, the signal that was routed through a preamplifier was processed through a 
spectroscopy amplifier with shaping time of 1 µs. A Logical gate signal was generated for 
each signal processed by the amplifier using single channel analyzer and gate and delay 
generator modules. For dead time correction, one of the outputs of the gate and delay 
generator was used to gate the Multichannel Buffer, while another output was used to 
calculate the dead time correction. 
Dead time correction (DTC) was calculated at the end of each experimental run from the 
integrated count in the stored spectrum Ntot and total gate signals Ngates, counted 
independently through the relation [27, 28, 29]:  
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gates tot
gates
N N
DTC
N
−
=                                       (3.1) 
The dead time corrected counts under a peak YDTC-Corr were then obtained from the 
experimental counts under the peak Yexp using the relation:   
                      exp (1 )DTC CorrY Y DTC− = +                                    (3.2) 
The dead time correction depends upon the sample as can be seen in the following 
section. 
3.3.1   LaBr3:Ce Detector Tests 
Figure 3.10 shows the pulse height spectrum of the LaBr3:Ce detector taken with a 137Cs 
source. This figure shows the Cs peak along with the intrinsic activity lines due to the 
decay of 138La isotope. The detector has 3.3% energy resolution for 662 keV gamma-rays 
from 137Cs. Three intrinsically produced photon peaks from the decay of La are generally 
observed at 32 keV, 789 keV and 1436 keV [30]. The 32 keV X-ray peak is produced by 
32.2 keV K shell X-ray fluorescence of Br; where Br is produced due to the electron 
capture of La. The 789 keV and 1436 keV gamma lines originate from the beta decay and 
electron capture branches, respectively, of La [30].  
In Figure 3.10, only 789 keV gamma line (sitting on the beta continuum) and 1468 keV 
gamma-ray peak (sum line of 32 keV X-ray fluorescence peak and 1436 keV gamma 
line) are shown. This is in agreement with that observed in reference 30]. The abnormal 
width of the sum line of 32 keV X-ray fluorescence peak and 1436 keV gamma line may 
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be due to the overlapping of 1436 keV gamma line from La with 1460 keV line of 40K, 
originating from the glass of the photomultiplier tube [30]. 
 
 
Figure 3.10 LaBr3:Ce pulse height spectrum taken with 137Cs source exhibiting 137Cs peak along with 
detector intrinsic activity peaks due to 138La. 
 
During sample irradiation, the LaBr3:Ce detector, although shielded, is exposed to 
thermal neutrons and it registers the prompt gamma-rays due to capture of thermal 
neutrons in La, Br and Ce elements present in LaBr3:Ce detector. This activation 
spectrum of the detector also contains additional peaks due to the intrinsic activity from 
Lanthanum present in the detector. Energies and intensities of prominent prompt gamma-
rays due to capture of thermal neutrons in Lanthanum, Cerium and Bromine are listed in 
Table 3.3 [23]. All these peaks are present in the sample activation spectra taken with the 
detector and need to be subtracted as beam associated background. 
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The detector was exposed to fast as well as thermal neutrons and the prompt gamma-ray 
spectrum was recorded from the detector without sample using a pulsed beam of 2.5 
MeV neutrons with 70 µA beam of 70 keV deuterons. The deuteron pulse had a width of 
5 ns and a frequency of 250 Hz. Figure 3.11 shows beam associated background 
spectrum of the LaBr3:Ce detector taken during a 20 min run. Due to short irradiation 
time, the delayed gamma-rays from 140La (half life = 40.3 h) could not be observed. 
Figure 3.11 shows the intrinsic activity line along with prompt gamma-ray peaks due to 
activation of La, Br and Ce elements in the detector. Also shown in the spectrum is the 
2.22 MeV capture peak from hydrogen in the moderator and neutron shielding of the 
detector. The aluminum (Al) prompt gamma peak originates from aluminum used in the 
detector. All of the prompt gamma-ray lines of lanthanum, cerium and bromine listed in 
Table 3.3 have been identified in Figure 3.11. 
 
Figure 3.11 Prompt gamma-ray spectrum due to activation of the LaBr3:Ce detector caused by 
capture of thermal neutrons in La, Br and Ce elements present in LaBr3:Ce detector 
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Element 
 
Gamma-ray energy 
(keV) 
σγz(Eγ) barns 
B(n,α) 478 716 
Br 196 0.434 
271 0.462 
275 0.158 
315 0.460 
367 0.223 
513 0.210 
661 0.082 
828 0.285 
1248 0.0527 
Cd 245 247 
558 1860 
651 359 
Ce 475 0.082 
662 0.241 
1107 0.040 
La 163 0.489 
272 0.502 
288 0.730 
567 0.335 
595 0.103 
789 intrinsic 
1436 intrinsic 
Table 3.3 Energies and partial elemental cross section σγz(Eγ)-barns of prominent capture gamma-
rays of boron, bromine, cerium and lanthanum [23]. 
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Prompt Gamma-Ray Measurements of Boron and Cadmium in Water Samples 
The prompt gamma-ray analysis of boron and cadmium contaminated water samples was 
carried out using the LaBr3:Ce detector. The boron and cadmium contaminated water 
samples were prepared by mixing boron and cadmium compounds with water. The boron 
and cadmium were thoroughly mixed with pure water and thereafter poured in cylindrical 
plastic bottles with 145 mm length and 90 mm internal diameter. Four cadmium samples 
with 0.0625, 0.125, 0.25 and 0.50 wt% cadmium concentration and four boron samples 
with 0.031, 0.125, 0.250 and 0.50 wt% boron concentration were prepared. The 
concentration of boron and cadmium in water samples was independently measured using 
Atomic Absorption Spectrometry Laboratory in the Chemistry department of King Fahd 
University of Petroleum and Minerals. The water samples were then irradiated in the 
newly designed PGNAA setup built around the MP320 neutron generator. Pulsed 
neutrons were produced using the pulsed deuteron beam with specifications given earlier. 
The pulsed neutron beam improves the signal to background ratio in the PGNAA studies. 
The prompt gamma-ray data from boron and cadmium contaminated water samples were 
acquired for a preset time using a Multichannel Buffer based data acquisition system. The 
dead time correction was calculated for prompt gamma-ray spectra of boron and 
cadmium water samples using Equations (3.1) and (3.2). As expected, the dead time was 
small for low concentrations and increased with increasing concentration. For the four 
boron samples with 0.031, 0.125, 0.250 and 0.50 wt%, the dead time correction was 
calculated to be: 3.8, 5.0, 8.8 and 25%, respectively. Since the capture cross-section of 
cadmium is almost 2.5 times that of (n,α) cross-section of boron, we operated the 
neutron generator in cadmium runs with half of the beam current as compared to boron 
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runs. For the four cadmium samples with 0.0625, 0.125, 0.25 and 0.50 wt% cadmium the 
dead time correction was measured to be: 2.5, 5.0, 8.8 and 21%, respectively. 
The neutron flux during each run was monitored using a cylindrical 3 in.×3 in. (height 
× diameter) NE213 detector with pulse shape discrimination. The NE213 detector was 
placed at a distance of 1.0 m from the neutron generator. The neutron detector signals 
were acquired through a single channel analyzer whose lower level was set at half-Cs 
pulse height bias electronically set by taking Compton edge spectrum of 137Cs gamma ray 
source with the NE213 detector. The neutron monitor spectrum was recorded for each 
concentration of boron and cadmium and was used for neutron flux normalization during 
data analysis. 
Figure 3.12 shows pulse height spectra of prompt gamma-rays from water samples 
containing 0.031, 0.125, 0.250 and 0.5 wt% boron superimposed upon each other along 
with background spectrum taken without sample. In order to show the effect of increasing 
concentration of boron on the pulse height spectrum, pulse height spectra for different 
boron concentrations are plotted with a constant vertical offset. The 478 keV boron 
gamma-ray peak along with the intrinsic 1436 keV intrinsic activity peak and the 
2223 keV hydrogen capture peak from the moderator are quite prominent. Figure 
3.13 shows the 478 keV boron peak on an enlarged scale to show its interference with the 
475 keV peak from activation of cerium in LaBr3:Ce detector. Since the boron peaks 
contain a contribution from the Ce(475) peak, difference spectra of boron peaks for 
0.031, 0.125, 0.250 and 0.500 wt% concentration were generated by subtracting the 
background spectrum from each of them. 
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Figure 3.12 Prompt gamma-rays pulse height spectra of four boron-contaminated water samples 
obtained by LaBr3:Ce detector. 
 
 
Figure 3.13 Enlarged spectra of boron gamma ray peaks superimposed upon each other for pure 
water and water containing 0.5, 0.25, 0.125 and 0.03125 wt.% of boron, obtained with LaBr3:Ce 
detector 
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Figure 3.14 shows the difference spectra of boron peaks for 0.031, 0.125, 0.250 and 
0.500 wt% boron concentration. Finally, the peaks of the difference spectra were 
integrated to generate integrated yield as a function of boron concentration. The 
integrated boron yield data for each boron concentration was corrected for dead time and 
neutron flux fluctuations. The background of the difference spectra from the dead time 
corrected counts was subtracted from the corrected counts. 
 
Figure 3.14 Prompt gamma ray spectra for boron samples after background subtraction obtained 
with LaBr3:Ce detector  
 
The background was determined from the intercept of corrected count vs. concentration 
plot of the boron data. Figure 3.15 shows dead time corrected and background subtracted 
counts of four boron samples as a function of boron concentration for boron 
contaminated water samples. The solid line in Figure 3.15 represents results of calculated 
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yield of prompt gamma-ray obtained from Monte Carlo calculation [31]. There is an 
excellent agreement between the theoretical yield and experimental yield of prompt 
gamma-ray from boron measured by LaBr3:Ce detector as a function of boron 
concentrations in the water samples. 
 
 
Figure 3.15 Integrated dead time corrected yield of 478 keV prompt gamma-ray of boron from four 
water samples plotted as a function of boron concentration. The solid line shows normalized-
calculated yield of the gamma-rays obtained through Monte Carlo calculations [31]. 
 
 
Figure 3.16 shows the pulse height spectra of prompt gamma rays from water samples 
containing 0.0625, 0.125, 0.250 and 0.500 wt% cadmium superimposed upon each other 
along with background spectrum taken without sample. In order to show the effect of 
increasing concentration of cadmium on the pulse height spectrum, the pulse height 
spectra for different cadmium concentrations are plotted with a constant vertical offset.  
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Figure 3.16 Prompt gamma-ray experimental pulse height spectra from water samples containing 
0.0625, 0.125, 0.250 and 0.500 wt% cadmium showing different peaks of prompt gamma-rays 
produced due to the capture of thermal neutrons in the cadmium. In order to show effect of 
increasing concentration of cadmium on the pulse height spectrum, pulse height spectra for different 
cadmium concentration are plotted with a constant vertical offset. 
 
 
Figure 3.17 shows the 558 keV cadmium peak on an enlarged scale to show its 
interference with the 567 keV peak from activation of lanthanum in LaBr3:Ce detector. 
Since the cadmium peak contains a contribution from the 567 keV La peak, the 
difference spectra of cadmium peaks for 0.0625, 0.125, 0.250 and 0.500 wt% 
concentration were generated by subtracting the background spectrum from each of 
them.  
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Figure 3.17 Enlarged prompt gamma-ray experimental pulse height spectra of cadmium peak from 
water samples containing 0.0625, 0.125, 0.250 and 0.500 wt% cadmium showing interference of 
558 keV cadmium peak with 567 keV La peak. (The background spectrum taken with pure water 
sample is also superimposed for comparison). 
 
Figure 3.18 shows difference spectra of cadmium peaks for 0.0625, 0.125, 0.250 and 
0.500 wt% cadmium concentrations. They were then integrated, corrected for dead time, 
and background subtracted following the procedure described for boron samples. Figure 
3.19 shows dead time corrected and background subtracted counts of the four cadmium 
samples as a function of cadmium concentration. The solid line in Figure 3.19 represents 
results of calculated yield of prompt gamma-rays obtained from Monte Carlo calculations 
[31]. There is an excellent agreement between the theoretical yield and the experimental 
yield of prompt gamma-rays from cadmium measured by LaBr3:Ce detector as a function 
of cadmium concentration in water samples. 
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Figure 3.18 Enlarged prompt gamma-ray experimental pulse height spectra after background 
subtraction from the four cadmium-contaminated water samples. 
 
 
Figure 3.19 Integrated dead time corrected yield of 558 keV prompt gamma-ray of cadmium from 
four water samples plotted as a function of cadmium concentration. The solid line shows normalized-
calculated yield of the gamma-rays obtained from Monte Carlo calculations. 
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Minimum Detection Limit of Boron and Cadmium in Water Samples for LaBr3:Ce Detector 
The minimum detection limit (MDC) of KFUPM portable neutron generator based 
PGNAA setup was determined from LaBr3:Ce detector tests data following the procedure 
described in [31]. The MDC for an elemental concentration C measured under a peak 
with net counts P and associated background counts B (under the peak), where the P 
and B counts integration are carried out for same channel width and for same time, is 
defined in [32]   
 MDC = 4.653× C
P
"
#
$
%
&
'× B            (3.3) 
where C/P is concentration per counts for a specific gamma ray peak. 
The error in MDC is 
2MDC
C B
P
σ ⎛ ⎞= ×⎜ ⎟
⎝ ⎠
                     (3.4) 
For 90 mm × 145 mm (diameter × height) cylindrical water sample, minimum 
detection limit of boron MDCB and its standard deviation σMDCB  were calculated to be: 
MDCB = 30.1ppm  and σMDCB = 9.3ppm , while for cadmium we found 
MDCCd = 78.3ppm  and σMDCCd = 23.8ppm .  
 
The results are in agreement with [33] for analysis of cylindrical (with 40 cm diameter × 
20 cm height) water samples using a 1 Ci Am-Be source-based PGNAA setup. They have 
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reported minimum detection limits for boron MDCB =1.6ppm  and for cadmium 
MDCCd = 6.7ppm . Our detection limits for boron and cadmium were larger than those 
reported in [33] because our sample volume is almost 30 times smaller than the one used 
in [33]. Our volume sample is 0.88 liters while the sample volume used in [33] is 25.1l 
liters. For equal sample volume, we could achieve better MDC’s than those reported in 
[33]. 
3.3.2   LaCl3:Ce Gamma Ray Detector Tests 
Boron concentrations in water samples were also measured. The prompt gamma rays 
produced from the B and Cd samples were detected by 3 inches by 3 inches (diameter x 
length) LaCl3:Ce detector. For each run the data was taken for 25 minutes. The same 
setup and procedure described earlier in section 3.3.1 were utilized in this part of the 
study. 
Prompt Gamma-Ray Measurements of Boron and Cadmium in Water Samples 
Figure 3.20 shows the pulse height spectra of prompt gamma-rays from water samples 
containing 0.031, 0.125, 0.250 and 0.5 wt. % boron superimposed upon each other along 
with background spectrum taken with pure water sample. 
In order to show the effect of increasing concentration of boron on the pulse height 
spectrum, the pulse height spectra for different boron concentrations are plotted with a 
constant vertical offset. The 478 keV boron gamma-ray peak along with the intrinsic 
(1436+32 keV) activity peak are quite prominent.  
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Figure 3.20 Prompt gamma-rays pulse height spectra of four boron-contaminated water samples 
containing 0.031, 0.125, 0.250 and 0.50 wt. % boron, along with background spectrum taken with 
pure water sample, plotted with a constant vertical offset.  
 
Figure 3.21 shows the 478 keV boron peak on an enlarged scale to show its interference 
with the 475 keV peak from activation of cerium in LaCl3:Ce detector. Since the boron 
peaks contain a contribution from the Ce (475 keV) peak, the difference spectra of boron 
peaks for 0.031, 0.125, 0.250 and 0.500 wt.% concentrations were generated by 
subtracting the background spectrum from each of them.  
Figure 3.22 shows the difference spectra of the boron peaks. Finally, the peaks of the 
difference boron spectra were integrated to generate the integrated boron gamma yield as 
a function of boron concentration. Similarly the pulse height spectra of prompt gamma 
47 
 
rays from water samples containing 0.0625, 0.125, 0.250 and 0.500 wt. % cadmium were 
analyzed through difference spectra and were integrated to generate the integrated 
cadmium gamma yield as a function of cadmium concentration. 
 
Figure 3.21 Enlarged prompt gamma-ray experimental pulse height spectra of water samples 
containing 0.031, 0.125, 0.250 and 0.5 wt % boron, along with background pure water sample, 
showing interference of the 478 keV boron peak with the 475 keV Ce peak. 
 
The integrated boron and cadmium gamma ray yield data was corrected for dead time and 
neutron flux fluctuation using the neutron monitor counts for each boron and cadmium 
concentration peak. Figure 3.23 shows the dead time corrected and background 
subtracted counts of four cadmium and boron samples as a function of cadmium and 
boron concentration in the contaminated water samples respectively. The lines in Figure 
3.23 represent results of calculated yield of boron and cadmium prompt gamma-rays 
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obtained from Monte Carlo calculations following the procedure described earlier in 
section 3.1. There is an excellent agreement between the theoretical and experimental 
yields of prompt gamma-ray from boron and cadmium-contaminated water samples. 
 
Figure 3.22 Enlarged prompt gamma-ray experimental pulse height spectra after background 
subtraction from the four boron-contaminated water samples. 
 
Finally the minimum detection limit (MDC) of boron and cadmium in water for the 
LaCl3:Ce detector was also calculated using the procedure described in section 3.3.1. For 
90 mm × 140 mm (diameter × height) cylindrical water samples, the minimum 
detection limit of boron  was calculated from 0.5 wt % B data with 
net counts , background counts  and using equation (3.3). 
MDCB =104±32 ppm
PB = 70915 BB =100270
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Similarly minimum detection limit of cadmium was calculated 
from 0.5 wt % Cd data with , and using equation (3.3). The 
MDC values of boron and cadmium agree with each other within statistical uncertainty.  
 
 
Figure 3.23 Dead time corrected integrated yield of 478 and 558 keV prompt gamma-ray of boron 
and cadmium, respectively, from four contaminated water samples plotted as a function of 
contaminant concentration. The solid line shows normalized-calculated yield of the gamma-rays 
obtained through Monte Carlo calculations. 
 
3.3.3   BGO Gamma Ray Detector Tests 
A thermal neutron capture-based Prompt Gamma ray Activation Analysis setup has been 
designed separately to test BGO (bismuth germinate) detector using a D(d,n) reaction-
MDCCD =130±32 ppm
PCD = 34417 BCD = 36942
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based portable neutron generator. The performance of the setup was tested through 
mercury concentration measurements in Hg-contaminated water samples. 
Figure 3.24 shows a schematic of the portable neutron generator-based PGNAA setup. It 
consists of a cylindrical sample container placed in a cylindrical cavity drilled through a 
cylindrical High Density Polyethylene (HDPE) moderator. A cylindrical gamma-ray 
detector (BGO), with its longitudinal axis aligned along the sample’s longitudinal axis 
detects the prompt gamma rays from the top-side of the sample.  
 
Figure 3.24 Schematic side view of the portable neutron generator based PGNAA setup 
 
The moderator is placed adjacent to the neutron target plane of the portable neutron 
generator. In order to prevent undesired gamma-rays and neutrons from reaching the 
detector, 3 mm thick lead shielding and 50 mm thick neutron shielding surround the BGO 
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detector. The neutron shielding is made of a mixture of paraffin and lithium carbonate 
mixed in equal weight proportions.  
Four Hg-contaminated water samples with 1.25, 2.50, 5.00, and 10.0 wt% Hg 
concentrations were prepared. The water samples were then irradiated in a pulsed beam 
of 2.5 MeV neutrons produced with a 70 keV deuteron beam. The deuteron pulse had a 
width of 5 ms and a frequency of 250 Hz. The pulsed neutron beam improved the signal 
to background ratio in the PGNAA studies. A typical beam current of the generator was 
70 µA. The prompt gamma-ray data from Hg-contaminated water samples were acquired 
using a cylindrical 125 x 125 mm (diameter x height) BGO detector for 25 min. Due to 
its radiation resistant property against neutron damage; BGO was selected as a gamma 
ray detector. During irradiation of the samples, the BGO detector, although well shielded, 
was also exposed to thermal neutrons and it registered the prompt gamma rays due to the 
capture of thermal neutrons in Bi and Ge elements present in the detector. There might be 
interferences from other elements present in the environmental samples in this energy but 
due to large thermal capture cross section of Hg, very small contamination of Hg will be 
still detectable in spite of those interferences. The energies and intensities of prominent 
prompt gamma-rays due to capture of thermal neutrons in the detector material and Hg 
are listed in Table 3.4. 
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Table 3.4: Energies and partial elemental cross section σγz(Eγ)-barns of prominent capture gamma-
rays of bismuth, germanium and mercury [23]. 
 
Prompt gamma-ray measurements of Hg-contaminated Water samples 
Figures 3.25, 3.26 and 3.27 show the pulse height spectra of the BGO detector from 
water samples contaminated with mercury. Figure 3.25 shows the pulse height spectra of 
prompt gamma rays from water samples containing 1.25, 2.50, 5.00, and 10.0 wt% Hg 
concentrations superimposed upon each other along with the background spectrum taken 
Element Gamma-ray energy (keV) σγz(Eγ)-barns 
 Bi 162 0.008 
320 0.0115 
674 0.0026 
2505 0.0021 
2828 0.00179 
4054 0.0137 
4171 0.0171 
Ge 175 0.164 
493 0.133 
500 0.162 
596 1.100 
608 0.250 
868 0.553 
961 0.129 
1101 0.134 
1204 0.141 
1472 0.083 
Element Gamma-ray energy (keV) σγz(Eγ)-barns 
Hg 368 251 
1570 29.6 
1693 56.2 
2002 24.3 
2639 11.6 
3186 11.3 
3289 13.3 
4675 13 
4739 30 
4759 12.5 
4842 20 
5050 20 
5658 27.5 
5967 62.5 
6458 23 
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with non-contaminated demineralized water sample. Figure 3.25 also shows the 2.22 
MeV hydrogen capture peak from the moderator material along with 2.64, 3.19-3.29, and 
4.67–5.05 MeV prompt gamma ray peaks from mercury in the contaminated water. 
 
Figure 3.25 Prompt gamma-ray experimental pulse height spectra from mercury contaminated 
water sample containing 1.25, 2.50, 5.00, and 10.0 wt% mercury showing 2.64, 3.19 - 3.29, and 4.67–
5.05 MeV prompt gamma rays peaks of mercury also superimposed is the background gamma-ray 
spectrum 
 
Moreover, Figure 3.25 also shows unresolved prompt gamma ray peaks at 4.06–4.25 
MeV energies from bismuth in BGO detector material. The BGO detector has poor 
energy resolution (11 % for 662 keV gamma-rays from Cs-137 source). 
Figure 3.26 shows enlarged prompt gamma rays pulse height spectra of the four Hg-
contaminated water samples over 2.51–5.14 MeV gamma energy range, showing an 
increase in intensity of 2.64, 3.19 - 3.29, and 4.67–5.05 MeV Hg prompt gamma ray 
peaks for increasing Hg concentration in the water samples.  
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Figure 3.26 Enlarged prompt gamma-ray experimental pulse height spectra from 1.25, 2.50, 5.00, 
and 10.0 wt% mercury contaminated water sample over 2.51–5.14 MeV showing 2.64, 3.19 - 3.29, 
and 4.67–5.05 MeV prompt gamma rays peaks of mercury 
 
Figure 3.27 shows the difference spectra showing well resolved peaks of 2.64, 3.19 - 
3.29, and 4.67–5.05 MeV prompt gamma rays of Hg for the four samples containing 
1.25, 2.50, 5.00, and 10.0 wt% Hg concentrations. These spectra were obtained after 
subtracting the background spectrum from each sample pulse height spectrum. 
Finally, the peaks of the difference spectra were integrated to generate integrated count 
rates of 2.64, 3.19-3.29, and 4.67–5.05 MeV prompt gamma ray peaks of Hg as a 
function of mercury concentration, as shown in Figure 3.28. The solid lines in Figure 
3.28 represent the results obtained from Monte Carlo calculations following the 
procedure described in section 3.1.  
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Figure 3.27 Enlarged mercury prompt gamma-ray pulse height difference spectra for water samples 
containing 1.25, 2.50, 5.00, and 10.0 wt% mercury after background subtraction over 2.51–5.14 MeV 
and showing 2.64, 3.19-3.29, and 4.67–5.05 MeV mercury peaks 
 
 
Figure 3.28 Experimental integrated count rate of 2.64, 3.19-3.29, and 4.67–5.05 MeV prompt 
gamma-rays from mercury plotted as a function of mercury concentration in water samples. Lines 
represent the results of the Monte Carlo simulations 
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Each gamma ray line has a different slope of count rate versus Hg-concentration. The 
slope of the line defines the minimum detectable activity (MDA) of the PGNAA setup for 
the specific element using that particular gamma line. The maximum value of the slope 
observed in the present study is for the 4.67–5.05 MeV line. The MDA of Hg for high 
energy gamma rays studied in this study is expected to be quite poor as compared to that 
obtained using high-intensity, low-energy 386 keV Hg gamma ray. The MDA of Hg 
using 2.6–5.1 MeV gamma rays for the portable neutron generator based PGNAA setup 
was calculated to be 0.19 ± 0.06 wt%. For 386 keV Hg gamma ray, with two order of 
magnitude larger production cross section, the corresponding MDA is expected to be 
about 19 ppm. There is an excellent agreement between the theoretical count rate and the 
experimental count rate of prompt gamma-rays from mercury measured by a BGO 
detector as a function of Hg concentration in the water samples. 
 
3.4    Measurement of Chlorine Concentrations in Saline Water Samples 
The efficacy of neutron flux from the MP320 generator for its application in prompt 
gamma-ray analysis of bulk samples was tested through salinity measurements in water 
samples using the PGNAA setup. Prompt gamma-ray yield of chlorine was calculated 
from saline water samples contained in plastic bottles having 90 mm diameter and 140 
mm length. The saline water samples were prepared by mixing water with sodium 
chloride containing 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 wt.% chlorine. The saline water was 
chosen to test neutron flux efficacy because of the large thermal neutron capture cross 
section of chlorine, as shown in Table 3.5 [23]. 
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The saline water samples were irradiated in the MP320 based PGNAA setup. The pulsed 
deuteron beam with 60 keV energy and 60 µA beam current had a pulse width of 5 ns 
and a frequency of 250 Hz. The prompt gamma-rays produced in saline water samples 
were detected by a 125 mm by 125 mm (diameter x length) BGO detector. The prompt 
gamma-ray data were acquired for a preset time of 25 minutes.  
As shown in Table 3.5 [23] there are several prompt gamma-rays emitted by chlorine due 
to capture of thermal neutrons. Some of them have energies that cannot be resolved by 
the BGO detector with 11% energy resolution. 
Element Gamma-rays energy (MeV) σγz(Eγ)-barns 
 
 
 
 
Cl 
1.164 8.91 
1.951 6.33 
1.959 4.10 
2.863 1.82 
3.062 1.13 
4.98 1.23 
5.715 1.82 
6.110 6.59 
6.619 2.53 
6.627 1.47 
7.413 3.29 
7.790 2.66 
 
Table 3.5 Energies and partial elemental cross section σγz(Eγ)-barns of  prominent capture gamma 
rays of chlorine [23]. 
 
58 
 
The unresolved pairs of gamma-rays have the energies: 1.951 and 1.959 MeV; 2.863 
MeV and 3.062 MeV and 6.619 and 6.627 MeV. In this study, chlorine prompt gamma-
rays with 3.06 (2.863-3.062), 4.98, 5.72, 6.11, and 6.63 (6.619 - 6.627) MeV energies 
were analyzed.  
Figure 3.29 shows the experimental pulse height spectra of prompt gamma-rays from 
saline water samples over 1.18-8.32 MeV, exhibiting prompt gamma-ray peaks at 2.86-
3.06, 4.98, 5.72, 6.11 and 6.62-6.63 MeV.  
 
Figure 3.29 Prompt gamma-rays experimental pulse height spectrum from saline water samples over 
1.18-8.32 MeV showing different peaks of prompt gamma-rays produced due to capture of thermal 
neutrons in the chlorine sample. 
Figure 3.30 shows gamma-ray pulse height spectra over 2.81 to 7.71 MeV energies from 
saline water samples containing 1.0, 1.5, 2.0, 3.0, 3.5, and 4.0 wt.% chlorine. Also 
superimposed on the spectra is the background gamma-ray spectrum.  
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Figure 3.30 Prompt gamma-rays experimental pulse height spectra from saline water samples over 
2.81-7.71 MeV showing chlorine peaks from water samples containing 1.0, 1.5, 2.0, 3.0, 3.5, and 4.0 
wt % chlorine. Also superimposed is the background gamma-ray spectrum 
 
An increase in the peak intensity of chlorine prompt gamma-ray with increasing chlorine 
concentration is clearly exhibited in the pulse height spectra of the water samples. In 
order to extract the prompt gamma-ray yield as a function of the chlorine concentration, 
the difference spectra were generated after subtracting the background spectrum from the 
pulse height spectra of saline water samples.  
Figure 3.31 shows the difference pulse height spectra of prompt gamma-rays over 2.57 to 
7.15 MeV from saline water samples containing 1.0, 1.5, 2.0, 3.0, 3.5, and 4.0 wt % 
chlorine. The chlorine prompt gamma-ray peaks corresponding to 3.06 (2.86-3.06), 4.98, 
5.72, 6.11, and 6.63 (6.62-6.63) MeV energies are quite prominently shown in Figure 
3.31. Finally, the counts under each peak were integrated to obtain gamma-ray integrated 
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yields. The gamma-ray yields were further normalized to the same incident fast neutron 
flux on the sample. Since chlorine prompt gamma ray intensity is directly proportional to 
chlorine concentration in the sample, the integrated yield of chlorine prompt gamma rays 
of any particular energy will also be linearly proportional to the chlorine concentration in 
the sample. 
 
Figure 3.31 Prompt gamma-rays difference pulse height spectra from chlorinated water samples 
containing 1.0, 1.5, 2.0, 3.0, 3.5, and 4.0 wt % chlorine. The spectra were generated after background 
subtraction 
 
Experimental normalized yield of 3.06, 5.72, 6.11, and 6.63 MeV prompt gamma-rays 
from chlorine are plotted in Figure 3.32 as a function of the chlorine concentration and 
they exhibit a linear correlation with the chlorine concentration. 
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Figure 3.32 Experimental integrated yields of 3.06, 5.72, 6.11, and 6.63 MeV prompt gamma-rays 
from chlorine potted as a function of chlorine concentration. Lines represent the results of Monte 
Carlo simulations. 
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CHAPTER 4 
H, C AND O ANALYSIS OF BULK SAMPLES USING 
14 MeV NEUTRON INELASTIC SCATTERING 
 
Prompt gamma ray tests of cylindrical lanthanum halides (LaBr3:Ce & LaCl3:Ce) gamma 
ray detectors have been carried out for the measurement of Hydrogen, Carbon and 
Oxygen (H, C, O) concentrations in bulk samples via inelastic scattering of neutrons 
(NIS) using a 14 MeV neutron based PGNAA setup. Inspite of its intrinsic activity, the 
LaBr3:Ce detector showed superior performance than the BGO detector for the 
measurement of Hydrogen, Carbon and Oxygen concentrations in benzene, water, 
toluene, propanol, ethanol and methanol bulk samples. The BGO detector has a large 
concentration of oxygen in its detector material and is consequently less sensitive for 
oxygen detection in bulk samples. Hence, it is not a suitable choice for oxygen 
determination in bulk samples. 
 
4.1     Calibration Measurements of PGNAA Setup 
H, C and O bulk samples comprising benzene, toluene, propanol, ethanol and methanol 
were analyzed in this part of the study through prompt gamma rays using LaBr3:Ce, 
LaCl3:Ce and BGO gamma ray detectors. The analysis was done utilizing a common 
setup for the three detectors used. The setup was built around the zero-degree beam line 
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of the 350 keV accelerator [34]. The geometry of the 14 MeV neutron based PGNAA 
setup used in the present study is shown in Figure 4.1. It mainly consists of a cylindrical 
sample (90 mm x 145 mm) placed 7.0 cm  away from a tritium target at a 0o angle with 
respect to the 14 MeV neutron beam. The gamma ray detector is placed at a center-to-
center distance of 1.9 cm from the sample at an angle of 90 degrees with respect to the 14 
MeV neutron beam. Tungsten blocks are inserted between the neutron target and the 
gamma ray detector to shield it from the direct beam of 14 MeV neutrons, the detector 
was also shielded from 14 MeV neutron-induced gamma ray background through 
massive lead shielding inserted between the detector and the tungsten shield. Finally a 
paraffin structure was built next to the tungsten blocks to shield the detector from room 
scattered neutrons. The paraffin shield was prepared by mixing lithium carbonate and 
paraffin wax in equal weight proportions. The paraffin and lead shield was quiet effective 
in shielding the detector against scattered neutrons and background gamma rays. 
However, the gamma ray peaks in the background spectrum due to inelastic scattering of 
14 MeV neutrons from lead and paraffin shielding were quite pronounced. 
A pulsed beam of 14 MeV neutrons was produced via the T(d,n) reaction using a pulsed  
deuteron beam with 200 nano-sec width and a frequency of 31 kHz. A typical pulsed 
deuteron beam current was 60 µA DC. The fast neutron flux from the tritium target was 
monitored using a cylindrical 76 mm x 76 mm (diameter x height) NE213 fast neutron 
detector, placed at a distance of 1.8 m from the target and at a backward angle of 130 
degrees with respect to the beam axis on the opposite side of the LaBr3:Ce gamma ray 
detector. The prompt gamma-rays produced in the sample were recorded for a preset 
number of fast neutrons recorded by NE213 monitor. 
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Figure 4.1 Schematic of 14 MeV neutron-based setup used for measurement of H, C and O 
concentration in bulk samples 
 
 
4.1.1   Calibration Measurements Using LaBr3:Ce & BGO Detectors 
The LaBr3:Ce detector gamma ray response was measured for prompt gamma rays 
produced in inelastic scattering of 14 MeV neutrons from H, C and O present in 
Propanol, Methanol, Water, Benzene and Ethanol samples, as shown in Table 4.1. The H, 
C and O concentrations in those samples were independently measured at the Atomic 
Absorption Spectrometry Laboratory of the Department of Chemistry, King Fahd 
University of Petroleum and Minerals. The samples were then irradiated in the 14 MeV 
neutron-based PGNAA setup. The prompt gamma-ray data from the samples were 
acquired for a preset amount of time using a Multichannel Buffer-based data acquisition 
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system. The neutron flux during each run was stored as a NE213 detector spectrum taken 
at half Cs pulse height bias and was used later for neutron flux normalization during data 
correction.  
Compounds Chemical 
Formula 
Mol.-wt C(wt%) O(wt%) H(wt%) 
Propanol C3H8O 60 60.0 26.7 13.3 
Methanol CH2O 30 40.0 53.3 6.7 
Water H2O 18 - 87.8 11.4 
Benzene C6H6 78 92.3 - 7.7 
Toluene C7H8 92 91.3 - 8.7 
Ethanol C2H6O 46 52.2 34.8 13.0 
 
Table 4.1 Elemental composition of the Propanol, Methanol, Benzene and Ethanol samples 
 
Figures 4.2 - 4.4 show pulse height spectra of high energy prompt gamma-rays from 
propanol, methanol, water and benzene samples taken with the LaBr3:Ce detector. Figure 
4.2 shows full spectrum of the detector while Figures 4.3 and 4.4 show its enlarged 
portions. Also superimposed in the spectrum is the detector background spectrum taken 
with an empty container. Figure 4.2 shows the pulse height spectra of gamma ray peaks 
over 0.30-7.74 MeV from inelastic scattering of 14 MeV neutrons from hydrogen, carbon 
and oxygen in propanol, methanol, water and benzene samples along with lead shielding.  
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Figure 4.2 Full prompt gamma ray spectra of LaBr3:Ce gamma ray detector for benzene, propanol, 
water and methanol samples, taken with 14 MeV neutrons PGNAA setup  
 
As reported in the literature [44], the gamma rays due to inelastic scattering of 14 MeV 
neutrons from lead were detected at 570, 810, 1060 and 2620 keV. Figure 4.3 shows 
pulse height spectra of prompt gamma-rays over 1.96-3.19 MeV energy exhibiting the 
hydrogen peak from propanol, methanol, water and benzene samples. The hydrogen peak 
has increasing intensity for benzene, methanol, propanol, and water samples respectively. 
Figure 4.4 shows enlarged pulse height spectra of prompt gamma-rays over 3.81-7.13 
MeV energy exhibiting carbon and oxygen peaks due to inelastic scattering of 14 MeV 
neutrons from propanol, methanol, water and benzene samples. As mentioned earlier, the 
spectra exhibit the full energy peaks along with associated escape peaks. For the 4.439 
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MeV prompt gamma rays from carbon, the full energy and single escape (SE) peaks have 
been detected while for the 6.13 MeV prompt gamma rays of oxygen, the single escape, 
double escape (DE) and triple escape (TE) peaks have been detected along with the full 
energy peak. The 5106 keV gamma rays from nitrogen in melamine in the plastic 
container are interfering with DE peak of oxygen, thereby increasing the yield of DE 
peak of oxygen over SE peak of oxygen. The oxygen peaks have increasing intensity for 
benzene, methanol, propanol, and water samples, respectively. While the carbon peaks 
have increasing intensity for water, methanol, propanol and benzene samples, 
respectively. 
 
Figure 4.3 Enlarged LaBr3:Ce detector prompt gamma ray spectra of benzene, propanol, water and 
methanol samples plotted over 1.96 MeV to 3.19 MeV energy range showing the hydrogen peak. 
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Figure 4.4 Enlarged LaBr3:Ce detector prompt gamma ray spectra of benzene, propanol, water and 
methanol samples plotted over 3.81 MeV to 7.13 MeV energy range showing carbon and oxygen 
peaks along with associated escapes peaks. 
 
BGO detector performance tests for the detection of high energy gamma rays from H, C 
and O in Toluene, Propanol, Methanol, Water, Benzene and Ethanol samples were 
carried out following the procedure used for the LaBr3:Ce detector mentioned previously. 
Figure 4.5 shows the full pulse height spectrum of the BGO detector for  prompt gamma-
ray peaks due to inelastic scattering of 14 MeV neutrons from Propanol, Methanol, 
Water, Benzene and Ethanol samples and the detector lead shielding.  
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Figure 4.5 Full prompt gamma ray spectra of 102 mm x 102 mm (diameter x height) BGO detector 
for benzene, ethanol, toluene, water and methanol samples, taken with 14 MeV neutrons PGNAA 
setup 
 
Figure 4.6 shows enlarged pulse height spectra of high energy prompt gamma-rays from 
ethanol, propanol, methanol, water and benzene samples taken with the BGO detector 
over 1.91-6.53 MeV energy range exhibiting hydrogen, carbon and oxygen peaks. 
Although the BGO detector is less sensitive to oxygen contents variation in the sample 
material, due to the large concentration of oxygen in the BGO detector, the oxygen peak 
still shows increased intensity of oxygen gamma rays for water sample. This is the main 
drawback of the BGO detector in the detection of oxygen in bulk samples using the 
PGNAA technique. 
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Figure 4.6 Enlarged BGO detector prompt gamma ray spectra of benzene, propanol, water and 
methanol samples plotted over 1.91 MeV to 6.53 MeV energy range showing carbon and oxygen 
peaks along with associated escapes  peaks. 
 
The net counts under the hydrogen, carbon and oxygen peaks were extracted by 
subtracting the container background spectra from the sample spectra. They were 
corrected for dead time and neutron flux variation. Finally the gamma ray yield curves 
were generated as functions of hydrogen, carbon and oxygen concentrations in benzene, 
water, propanol, ethanol and methanol samples. Figures 4.7 & 4.8 show gamma ray 
yields as functions of hydrogen, carbon and oxygen concentrations in benzene, water, 
propanol, ethanol and methanol samples taken with the LaBr3:Ce detector. The solid lines 
in Figures 4.7 & 4.8 represent results of hydrogen, carbon and oxygen prompt gamma-ray 
yield from benzene, water, propanol, ethanol and methanol samples obtained through 
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Monte Carlo calculations using MNP4C code [35] following the procedure described 
elsewhere [27].  
 
Figure 4.7 Integrated normalized experimental yield of hydrogen prompt gamma rays taken with the 
LaBr3:Ce detector, plotted as a function of hydrogen concentration in benzene, propanol, water and 
methanol samples. The solid line is a Monte Carlo fit to the experimental data 
 
 
Figure 4.8 Integrated normalized experimental yield of carbon and oxygen prompt gamma rays 
taken with the LaBr3:Ce detector, plotted as a function of carbon and oxygen concentrations in 
benzene, propanol, water and methanol samples. The solid line is a Monte Carlo fit to the 
experimental data. 
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Figures 4.9 & 4.10 show the gamma ray yields as functions of hydrogen and carbon 
concentrations in benzene, water, ethanol and methanol samples taken with the BGO 
detector. The solid lines in Figures 4.9 & 4.10 represent results of calculated yield of 
hydrogen and carbon prompt gamma-rays obtained from benzene, water, ethanol and 
methanol samples using Monte Carlo calculations.  
 
Figure 4.9 Integrated normalized experimental yield of hydrogen prompt gamma rays taken with the 
BGO detector, plotted as a function of hydrogen concentration in benzene, propanol, toluene, water 
and methanol samples. The solid line is a Monte Carlo fit to the experimental data 
 
The excellent agreement between the theoretical and experimental yields of hydrogen, 
carbon and oxygen prompt gamma-rays as a function of their respective concentration 
recorded by the LaBr3:Ce detector, shows its successful utilization in hydrogen, carbon 
and oxygen detection for contraband and explosive measurements. However for the BGO 
detector an excellent agreement has been achieved between the theoretical and 
experimental yield of hydrogen and carbon only. Due to its lack of sensitivity for oxygen 
detection, the BGO detector is not a suitable choice for oxygen measurements. 
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Figure 4.10 Integrated normalized experimental yield of carbon prompt gamma rays taken with the 
BGO detector, plotted as a function of carbon concentration in benzene, propanol, toluene, water 
and methanol samples. The solid line is a Monte Carlo fit to the experimental data 
 
Minimum detectable concentrations of H, C and O in bulk samples using LaBr3:Ce & BGO 
Detectors 
Finally from the hydrogen, carbon and oxygen concentration measurements in the various 
samples, the minimum detectable concentrations, MDC, and their associated errors, 
σMDC, for hydrogen, carbon and oxygen were calculated for the KFUPM 14 MeV based 
PGNAA setup using equations (3.3 & 3.4) described earlier in section (3.3.1), and are 
listed in Table 4.2 for both the LaBr3:Ce and BGO detectors.  
The MDC of hydrogen and carbon in bulk samples using the BGO detector is lower than 
that of the LaBr3:Ce detector because the BGO detector has a larger. Due to its large 
oxygen content, however, the BGO detector is not a suitable choice for detection of 
oxygen in bulk samples. 
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Table 4.2 MDC of Hydrogen, Carbon and Oxygen for 14 MeV neutron-based PGNAA setup using 
LaBr3:Ce and BGO detectors 
 
4.1.2   Calibration Measurements using LaCl3:Ce Detector 
Previously carbon, hydrogen and oxygen concentrations in bulk samples were measured 
in hydrocarbon samples in 14 MeV (NIS) studies using a LaBr3:Ce detector. In this part 
of the study a 76 mm x 76 mm (3 in x 3 in) (height x diameter) LaCl3:Ce detector has 
been used to measure hydrogen, carbon, and oxygen concentrations in the bulk 
hydrocarbon samples of benzene, butyl alcohol, propanol, propanic acid, and formic acid 
using the 14 MeV neutrons-based PGNAA setup described earlier in section 4.1.  
 
The response of a LaCl3:Ce detector has been found to depend upon the hydrogen content 
of bulk samples in prompt gamma analysis using 14 MeV neutron inelastic scattering 
(NIS). The moderation of 14 MeV neutrons from hydrogen in the bulk sample produces 
thermal neutrons around the sample which ultimately excite chlorine capture gamma rays 
in the LaCl3:Ce detector material. Interference of 6.11 MeV chlorine gamma rays from 
the detector itself with 6.13 MeV oxygen gamma rays from the bulk samples makes the 
intensity of the 6.13 MeV oxygen gamma ray peak relatively insensitive to variations in 
oxygen concentration. The strong dependence of the 1.95 MeV doublet chlorine gamma 
Detector Type MDCH (wt%) MDCC (wt%) MDCO (wt%) 
LaBr3:Ce 0.5±0.1 12.2±3.8 15.8±4.8 
BGO 0.3±0.1 3.2±1.0 - 
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ray yield on hydrogen content of the bulk samples confirms that fast neutron moderation 
from hydrogen in the bulk samples as a major source of production of thermal neutrons 
and chlorine gamma rays in the LaCl3:Ce detector material. 
Despite their poor oxygen detection capabilities, lanthanum halides detectors have 
nonetheless excellent detection capabilities for hydrogen and carbon in benzene, butyl 
alcohol, propanol, propanic acid, and formic acid bulk samples using 14 MeV neutron 
inelastic scattering (NIS). One can further conclude that LaBr3:Ce detector is superior to 
LaCl3:Ce detector in terms of MDC for all hydrocarbon samples due primarily to the 
large neutron capture cross section for Cl that introduces large and unwanted 
backgrounds in the Cl-based detector that are not present in the Br-based detector.  
Although LaCl3:Ce detectors [28, 36-38] have comparable light output and energy 
resolution with LaBr3:Ce detectors [39-43], they, however, generate a higher background 
in thermal neutron fields due to thermal neutron capture in the chlorine of the LaCl3:Ce 
detector material. Thermal neutrons are produced at the detector location due to 
moderation of 14 MeV neutrons from hydrogen in bulk samples. Therefore, chlorine 
background in LaCl3:Ce detector in 14 MeV neutrons inelastic scattering studies is likely 
to increase with increasing hydrogen concentration in the bulk samples. Consequently, 
the interference of chlorine capture gamma rays background from LaCl3:Ce detector and 
gamma rays of interest from the bulk sample may limit the utilization of LaCl3:Ce 
detectors in PGNAA applications. The interference of 6.13 MeV prompt gamma rays of 
oxygen and 6.11 MeV chlorine capture gamma rays in LaCl3:Ce detector material makes 
oxygen concentration analysis in 14 MeV neutron inelastic scattering via 6.13 MeV peak 
intensity more complicated. For bulk samples with higher hydrogen concentrations, the 
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oxygen full energy peak intensity is relatively insensitive to oxygen concentration 
variations in the samples.  
The elemental concentrations of the hydrocarbon bulk samples, as shown in Table 4.3, 
were independently verified using Atomic Absorption Spectrometry in the Department of 
Chemistry, King Fahd University of Petroleum and Minerals.  
Compound Chemical Formula 
C 
(wt-%) 
H 
(wt-%) 
O 
(wt-%) 
Butyl alcohol C6H10O 73.5 10.2 16.3 
Propanol C3H8O 60.0 13.3 26.7 
Benzene C6H6 92.3 7.7 0.0 
Propanic acid C3H6O2 48.6 8.1 43.2 
Formic acid CH2O2 26.1 4.3 69.6 
 
Table 4.3 Elemental compositions of the hydrocarbon samples. 
 
For prompt gamma ray analysis, the samples were prepared by filling the sample 
materials in the plastic containers. The containers were then irradiated in the PGNAA 
setup. The prompt gamma-ray data from the samples were acquired for a preset amount 
of time using a Multichannel Buffer-based data acquisition system. The neutron flux 
spectrum, which was recorded during each run using the NE213 detector, was later used 
for neutron flux normalization during data correction. The NE213 detector was operated 
at half Cs-137 pulse height bias following the procedure described in [43]. 
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Figures 4.11(a) and 4.11(b) show prompt gamma-rays pulse height spectra due to 
inelastic scattering of the neutrons from water and benzene samples superimposed upon 
each other. Water and benzene samples were chosen to show the effect of hydrogen 
contents of the bulk samples on the gamma ray response of the LaCl3:Ce detector. These 
samples represent extreme conditions, i.e., the water sample does not contain carbon 
while the benzene sample does not contain oxygen but both samples contain 7 wt.% and 
11 wt.% hydrogen, respectively.  
 
Figure 4.11(a) Prompt gamma ray spectra of LaCl3:Ce gamma ray detector from benzene, and water 
samples  showing capture and inelastic scattering prompt gamma rays over 0.68-3.51 MeV energy 
range. 
 
Figure 4.11(a) shows the pulse height spectrum of gamma rays from benzene and water 
samples over 0.69-3.51 MeV energy showing lead gamma ray peaks at 1.06 MeV and 
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2.62 MeV, produced due to inelastic scattering of the neutrons from lead shielding. This 
is consistent with previously reported results in the literature [44]. The gamma ray peak 
at 0.81 MeV is due to decay of 58Co produced in 14 MeV neutron induced 
59Co(n,2n)58Co reaction. Cobalt is found in many metal alloys used for magnets or beam 
lines. Figure 4.11(a) also shows the single escape (SE) peak corresponding to the 2.62 
MeV lead peak, 1.27 MeV silicon peak, the 1.77 MeV aluminum peak, along with the 
0.92+0.93, 1.47 (intrinsic activity) and the 2.52 MeV peaks from lanthanum.  
 
Figure 4.11(b) Prompt gamma ray spectra of LaCl3:Ce gamma ray detector from benzene, and water 
samples  showing capture and inelastic scattering prompt gamma rays over 3.53 MeV to 9.23 MeV 
energy range. 
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In Figure 4.11(a) prompt gamma ray peaks due to thermal neutron capture in chlorine of 
LaCl3:Ce material appear at 1.17, 1.60 and  1.95-1.96  MeV (later referred as 1.95 MeV 
doublet). The intensities of 2.22 MeV hydrogen peak and 1.95 MeV chlorine peak are 
higher in the water spectrum than those in the benzene spectrum. The higher intensity of 
1.95 MeV doublet chlorine gamma rays in the water sample as compared to the benzene 
sample is due to increasing thermalization of fast neutrons from higher hydrogen contents 
of the water sample. Therefore, the higher concentration of hydrogen in the water sample 
produces not only a higher intensity 2.22 MeV hydrogen capture gamma ray peak but 
also a higher intensity 1.95 MeV doublet chlorine capture peak intensity in the LaCl3:Ce 
spectrum. This effect has been also observed in the higher energy part of the gamma ray 
spectra of water and benzene samples shown in Figure 4.11(b). In the higher energy 
gamma ray spectra, chlorine peaks at 5.72, 6.11, 6.62-6.63 (later referred as 6.62 MeV 
doublet), 6.98, 7.79 and 8.58 MeV are quite prominent. The intensity of these peaks is 
also higher for the water sample than that of the benzene sample. The full energy and 
associated single escape peaks of oxygen 6.13 MeV gamma rays overlap with these 
peaks. Energies of prompt gamma rays produced due to inelastic scattering of 14 MeV 
neutrons from chlorine and oxygen are listed in Table 4.4.  
In the spectra of Figure 4.11(b) the full energy peak of oxygen at 6.13 MeV contains a 
contribution from 6.11 MeV chlorine prompt gamma rays, whose intensity strongly 
depends upon the hydrogen content of the bulk samples. The 6.11 MeV chlorine prompt 
gamma rays full energy peak has a 6.6 barns cross section [23]. The single escape peak of 
6.13 MeV oxygen gamma rays contains contributions from both the overlapping 5.72 
MeV full energy chlorine peak (with 1.8 barns cross section [23]) and the single escape 
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peak of 6.11 MeV chlorine peak. No such effects were observed in the prompt gamma 
spectra of hydrogen, carbon, and oxygen elements taken with a LaBr3:Ce detector in 
section 4.2.  
 Gamma-ray energy (keV) Reaction 
 
 
O 
2742 (n,n’γ) 
3089 (n,αγ) 
3684 (n,αγ) 
3854 (n,αγ) 
6130 (n,n’γ) 
6917 (n,n’γ) 
7117 (n,n’γ) 
 
 
 
 
 
 
Cl 
660 (n,n’γ) 
790 (n,n’γ) 
1210 (n,n’γ) 
1290 (n,n’γ) 
1780 (n,n’γ) 
2000 (n,n’γ) 
2150 (n,n’γ) 
2650 (n,n’γ) 
2710 (n,n’γ) 
3080 (n,n’γ) 
3170 (n,n’γ) 
3300 (n,n’γ) 
 
Table 4.4 Energies of prominent (n,n’γ) gamma-rays of oxygen and chlorine [23] 
 
Figures 4.12, 4.13 and 4.14 show the gamma ray pulse height spectra of the hydrocarbon 
samples, containing hydrogen, carbon and oxygen elemental concentrations over a broad 
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range. Figure 4.12 shows the enlarged pulse height spectra of the hydrocarbon bulk 
samples over 1.63-2.96 MeV energy range. The 2.22 MeV hydrogen and the 1.95 MeV 
doublet chlorine capture peaks are shown in Figure 4.12 along with the 2.6 MeV lead 
peak from lead shielding. The intensity of the hydrogen peak increases with hydrogen 
concentration with a maximum for propanol sample (13 wt.%) and a minimum for the 
formic acid sample (4 wt.%). Due to increasing flux of thermal neutrons with hydrogen 
concentration, the chlorine 1.95 MeV doublet peak intensity also increases with hydrogen 
concentration. The maximum intensity of the chlorine 1.95 MeV doublet peak has been 
observed for propanol while the minimum intensity has been observed for the formic 
acid, as expected. 
 
Figure 4.12 Enlarged LaCl3:Ce detector prompt gamma ray spectra from the hydrocarbon samples 
plotted over 1.63 MeV to 2.96 MeV energy range showing chlorine, lead and hydrogen capture peaks. 
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In order to verify chlorine peak intensity dependence upon hydrogen concentration, the 
counts under the 1.95 MeV doublet chlorine peak in the hydrocarbon bulk samples were 
integrated and, after background subtraction and normalization, were plotted as a 
function of hydrogen concentration in the corresponding bulk samples.  
Figure 4.13 shows the enlarged pulse height spectra of the hydrocarbon bulk samples 
over 3.53-4.86 MeV energy range. It shows an increasing intensity of the 4.44 MeV 
carbon peak along with its associated single escape peak. Benzene and formic acid have 
the highest and the lowest peak intensities for 4.44 MeV carbon peaks, with 92 wt.% and 
26 wt.% carbon concentrations, respectively.  
 
Figure 4.13 Enlarged LaCl3:Ce detector prompt gamma ray spectra from the hydrocarbon samples 
plotted over 3.53 MeV to 4.86 MeV energy range showing the carbon peaks. 
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Figure 4.14 shows the enlarged spectra of the hydrocarbon bulk samples over 4.86-7.14 
MeV energy range displaying the 5.72, 6.11, 6.62 MeV doublet, and 6.98 MeV chlorine 
peaks along with the 6.13 MeV oxygen peak. Also shown in Figure 4.14 are the 
associated single escape (SE) peaks.  
 
Figure 4.14 Enlarged LaCl3:Ce detector prompt gamma ray spectra from the hydrocarbon samples 
plotted over 4.86 MeV to 7.14 MeV energy range showing oxygen and chlorine peaks. 
 
Due to overlapping of 6.13 MeV oxygen and 6.11 MeV chlorine peaks and single escape 
peak of 6.62 MeV doublet chlorine peak, the resulting intensity of 6.13 MeV oxygen 
peak depends not only upon the oxygen, but also on the hydrogen contents of the bulk 
samples. Therefore, a sample with high oxygen concentration and low hydrogen 
concentration has almost the same intensity of oxygen 6.13 MeV peak as compared to a 
84 
 
sample with low oxygen concentration and high hydrogen concentration. However, our 
setup is sensitive to samples that are extremely deficient in O as shown in Figure 4.14 for 
the case of benzene. 
For hydrogen and carbon concentration analysis in the hydrocarbon bulk samples the 
hydrogen and carbon peak data in LaCl3:Ce detector spectra were analyzed and  the net 
counts under the hydrogen and carbon peaks were extracted by subtracting the container 
background spectra from the sample spectra. The net counts were then corrected for dead 
time and neutron flux variation using the procedure described in [43]. Finally, the gamma 
ray yield curves as a function of hydrogen and carbon concentration in the bulk samples 
were generated. Figures 4.15 and 4.16 show the gamma ray yields plotted as a function of 
hydrogen and carbon concentration, respectively, in the hydrocarbon samples. 
The solid lines in Figures 4.15 and 4.16 represent results of hydrogen and carbon prompt 
gamma-ray calculated yields from the hydrocarbon samples obtained through Monte 
Carlo calculations using the MCNP4C code [35] following the procedure described in 
[43]. In Figure 4.15, the integrated normalized experimental yield of chlorine 1.95 MeV 
doublet prompt gamma rays has also been superimposed on the integrated normalized 
yield of 2.22 MeV hydrogen peak yield to show how chlorine yield depends upon 
hydrogen content in the samples. The solid line is a Monte Carlo fit to the experimental 
data. Within experimental uncertainties, chlorine and hydrogen peak data overlap each 
other. The excellent agreement between the theoretical and the experimental yields of 
hydrogen and carbon prompt gamma-rays as a function of their respective concentrations 
in the bulk samples shows the successful application of LaCl3:Ce detector in hydrogen 
and carbon concentrations measurements in the hydrocarbon bulk samples. 
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Figure 4.15 Integrated normalized experimental yield of 2.22 MeV peak of hydrogen prompt gamma 
rays taken with the LaCl3:Ce detector and integrated experimental yield of chlorine 1.95 MeV 
doublet prompt gamma rays, plotted as a function of hydrogen concentration in the hydrocarbon 
samples. The solid line is a Monte Carlo fit to the experimental data. 
 
 
Figure 4.16 Integrated normalized experimental yield of carbon 4.44 MeV prompt gamma rays taken 
with the LaCl3:Ce detector, plotted as a function of carbon concentration in the hydrocarbon 
samples. The solid line is a Monte Carlo fit to the experimental data 
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Lastly, full energy (FE) and SE peaks of oxygen from the hydrocarbon samples were 
analyzed. In this analysis, FE and SE peaks from the hydrocarbon samples were 
integrated and then benzene sample integrated counts were subtracted from the remaining 
samples as background (due to zero oxygen concentration). Figure 4.17 shows benzene 
sample counts subtracted gamma ray yields plotted as a function of oxygen concentration 
in the hydrocarbons samples. As expected FE peak yield is practically insensitive to 
oxygen concentration but SE peak yield shows a weak linear dependence of gamma ray 
yield on oxygen concentration due to small difference between various SE peaks heights 
of the hydrocarbon samples. 
 
 
Figure 4.17 Integrated normalized experimental yield of oxygen 6.13 MeV full energy (FE) and single 
escape (SE) prompt gamma rays taken with the LaCl3:Ce detector, plotted as a function of oxygen 
concentration in the hydrocarbon samples. The solid line is a Monte Carlo fit to the experimental 
data 
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Minimum detectable concentrations of H, C and O in bulk samples using LaCl3:Ce 
Detector 
Finally, the minimum detectable concentration, MDC, and its associated error, σMDC, 
were calculated for hydrogen and carbon in the hydrocarbon samples using equations (3.3 
& 3.4) described earlier in section (3.3.2). For 90 mm x 145 mm (diameter x height) 
cylindrical hydrocarbon bulk samples, the MDC of the KFUPM 14 MeV neutron-based 
PGNAA setup was calculated for hydrogen and carbon concentration measurement data 
taken with the LaCl3:Ce detector  using 2.22 MeV and 4.44 MeV gamma rays 
respectively. The MDC data for the LaCl3:Ce detector are listed in Table 4.5. For 
comparison, MDC of hydrogen calculated using 1.95 MeV chlorine peak is also included 
in Table 4.5. As expected from Figure 4.17, the MDC of hydrogen calculated using 
hydrogen peak agrees within statistical uncertainties with that calculated using the 
chlorine peak. 
 
For the sake of comparison, the MDC for hydrogen, carbon and oxygen in bulk samples 
measured using a LaBr3:Ce detector (section 4.2.1) have also been included in Table 4.5. 
Apparently values of MDC for carbon seems to be comparable for both the LaCl3:Ce and 
the LaBr3:Ce detectors, while for hydrogen MDC for the LaCl3:Ce detector is 2 times 
poorer than those for the LaBr3:Ce detector .  
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Detector MDCH (wt%) MDCC (wt%) MDCO (wt%) 
LaBr3:Ce 0.5±0.1 12.2±3.8 15.8±4.8 
LaCl3:Ce 1.11±0.32 
*1.67±0.51 
9.68±2.94 - 
* MDC of hydrogen using 1.95 MeV doublet chlorine gamma rays 
Table 4.5 MDC of Hydrogen, Carbon and Oxygen for 14 MeV neutron-based PGNAA setup using 
LaCl3:Ce and LaBr3:Ce 
 
4.2  Analysis of Contraband-Proxy Bulk Samples Using LaBr3:Ce 
Detector 
In this part of the study, Hydrogen, Carbon and Oxygen concentrations were measured in 
caffeine, urea, ammonium acetate and melamine bulk samples via 14 MeV neutron 
inelastic scattering (NIS) using a LaBr3:Ce detector. The samples tested here represent 
drugs, explosives and benign materials, respectively. Despite its intrinsic activity, the 
LaBr3:Ce detector performed well in detecting the hydrogen, carbon and oxygen in bulk 
samples. Because 5.1 MeV nitrogen gamma rays interfere with silicon and calcium 
prompt gamma rays from the room background, the nitrogen peak was not detected in the 
samples. An excellent agreement was observed between the experimental and theoretical 
yields of 2.22, 4.43 and 6.13 MeV gamma rays from the analyzed samples as a function 
of H, C and O concentrations, respectively. Within statistical errors, the minimum 
detectable concentration (MDC) of hydrogen, carbon and oxygen in the tested materials 
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were consistent with previously reported MDC values for these elements measured in 
hydrocarbon samples in section 4.1.1. 
The samples tested were used because their elemental composition ratios are similar to 
benign, explosive and narcotics materials, as shown in Table 4.6. 
 
 
Material 
Category 
 
 
 
Compound 
 
 
 
Formula 
Elemental 
Concentration 
(wt. %) 
 
 
 
(C/O)c
alc 
 
 
 
(C/O)exp 
 
 
 
N/O H 
 
C 
 
N 
 
O 
Benign Melamine C3H6N6 4.8 28.6 66.7 - - - - 
Explosive Ammonium 
Acetate 
C2H7NO2 9.1 31.2 18.2 41.6 0.75 0.92 ±0.12 0.75 
Urea CH4NO2 6.7 20.0 46.7 26.7 0.75 0.91±0.11 1.75 
Narcotics Caffeine C8H10N4O2 5.2 49.5 28.6 16.5 3.00 3.82 ±  0.38 1.73 
 
Table 4.6 Elemental composition of proxy material samples analyzed in this study 
 
Carbon, oxygen and hydrogen concentrations for melamine, ammonium acetate, urea, 
and caffeine bulk samples were measured using the 14 MeV neutron-based PGNAA 
setup, the setup is shown in Figure. 4.1 and it was described earlier in section 4.1.  
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Figure 4.18 shows the prompt gamma-ray pulse height spectra from inelastic 14 MeV 
neutron scattering for hydrogen, carbon and oxygen in the caffeine and ammonium 
acetate bulk samples with shielding comprising 0.46-8.30 MeV gamma-rays using the 
LaBr3:Ce detector. The gamma ray energy values from inelastic 14 MeV neutron 
scattering in lead were observed at 570, 810, 1060 and 2620 keV.  
 
Figure 4.18 Prompt gamma ray spectra of LaBr3:Ce gamma ray detector from ammonium acetate 
and caffeine bulk samples plotted over 0.46 to 8.3 MeV energy range , superimposed upon each 
other. 
 
Figures 4.19-4.21 show the prompt gamma spectra for the caffeine, ammonium-acetate, 
urea, and melamine bulk samples with hydrogen, carbon and oxygen prompt gamma ray 
peaks in the 1.92-6.53 MeV range as well as the background gamma rays produced 
through inelastic 14 MeV neutron scattering from silicon and calcium in the walls and 
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floor [45]. Such gamma rays can interfere with carbon and oxygen prompt gamma rays; 
the 4.50 MeV silicon peak interferes with the 4.44 MeV carbon peak, and the 6.02 MeV 
calcium gamma ray interferes with the 6.13 MeV oxygen peak [46]. Figure 4.19 shows 
the full hydrogen energy peak at 2.22 MeV and the Pb peak from the shielding material at 
2.62 MeV. Also shown in Figure 4.19 is the single escape (SE) peak that corresponds to 
the full 2.62 MeV energy peak for Pb. The hydrogen peak increases in intensity in the 
samples as the hydrogen concentration increases. The maximum peak intensity was 
observed in the ammonium acetate sample with a 9.1 wt.% hydrogen concentration, 
while the minimum peak intensity was observed for melamine, which has a 4.8 wt.% 
hydrogen concentration. 
 
Figure 4.19 LaBr3:Ce detector prompt gamma ray spectra from ammonium acetate, caffeine, urea 
and melamine bulk samples plotted over 1.92 MeV to 2.82 MeV energy range showing hydrogen and 
lead shielding peaks. 
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Figure 4.20 shows the pulse height spectra for the caffeine, ammonium-acetate, urea and 
melamine bulk samples over a 3.79- 4.76 MeV energy range with single escape (SE) and 
full energy peaks at 4.439 MeV prompt gamma rays via inelastic 14 MeV neutron 
scattering from carbon. The carbon peak intensity in Figure 4.20 increases with carbon 
concentration in the samples (i.e., the maximum peak intensity for the carbon peak was 
observed in caffeine with 49.5 wt. % carbon, and the minimum peak intensity was 
observed for the urea bulk sample containing 20.0 wt. % carbon).  
 
Figure 4.20 LaBr3:Ce detector prompt gamma ray spectra from ammonium acetate, caffeine, urea 
and melamine bulk samples plotted over 3.79 MeV to 4.76 MeV energy range showing carbon full 
energy peak along with carbon and silicon single escape peaks. 
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Figure 4.21 LaBr3:Ce detector prompt gamma ray spectra of from ammonium acetate, caffeine, urea 
and melamine bulk samples plotted over 4.97 MeV to 6.53 MeV energy range showing oxygen peaks 
along with calcium and silicon peaks from the room background. 
 
 
Figure 4.21 shows the pulse height spectrum for the caffeine, ammonium-acetate, urea 
and melamine bulk samples over the 4.97-6.53 MeV energy range including the full 
energy peak at the 6.13 MeV prompt gamma ray via inelastic 14 MeV neutron scattering 
from oxygen. Also shown in Figure 4.21 is the full energy peak for 5.10 MeV gamma 
rays due to 14 MeV neutron inelastic scattering from silicon in the walls and floor of the 
room, it is higher than the oxygen double escape peak because the silicon content is 
higher in the walls and floor. The full energy and single escape peaks from 6.13 MeV for 
oxygen in the caffeine, ammonium-acetate, urea and melamine bulk samples 
demonstrated an increasing trend proportional to the oxygen content in the samples. The 
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maximum intensity for an oxygen peak was observed in ammonium acetate, with a 41.6 
wt.% oxygen concentration, while the minimum intensity was observed for melamine, 
with a 0.0 wt. % oxygen concentration. Because the silicon and calcium prompt gamma 
rays from the room background interfere with the 5.1 MeV nitrogen gamma rays, the 
nitrogen peak could not be detected in the samples. 
Data from the LaBr3:Ce detector for hydrogen, carbon and oxygen peaks in the respective 
pulse height spectra for the caffeine, ammonium acetate, urea, and melamine bulk 
samples were analyzed. The net content for the H, C and O peaks were extracted by 
subtracting the floor and walls background spectra from the sample spectra. The net 
counts were then corrected for dead time and neutron flux variations. Finally, the gamma 
rays yield curves were generated as a function of H, C and O concentrations in the bulk 
samples.  
Figures 4.22 and 4.23 show the gamma ray yields as a function of the O, C and H 
concentrations measured using the LaBr3:Ce detector. The straight lines in Figures 4.22 
and 4.23 are the theoretical O, C and H prompt gamma ray yields calculated by Monte 
Carlo simulations using the MCNP4C code [35] following a the procedure described in 
[43]. The theoretical and experimental yields were consistent for the H, C and O as 
measured by the LaBr3:Ce detector, which demonstrated that the detector is appropriate 
for measuring H, C and O in contraband and explosive detection.  
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Figure 4.22 Integrated normalized experimental yield of carbon and oxygen prompt gamma rays 
taken with the LaBr3:Ce detector, plotted as a function of oxygen concentration in ammonium 
acetate, caffeine and urea bulk samples. The straight lines are Monte Carlo fits to the experimental 
data. 
 
 
Figure 4.23 Integrated normalized experimental yield of hydrogen prompt gamma rays taken with 
the LaBr3:Ce detector, plotted as a function of hydrogen concentration in ammonium acetate, 
caffeine, urea and melamine bulk samples. The solid line is a Monte Carlo fit to the experimental 
data 
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The carbon to oxygen (C/O) element ratio for the samples, which differentiates between 
explosive and narcotics, was calculated from the experimental data for ammonium-
acetate, urea and caffeine. The C/O ratios for the ammonium-acetate and urea were 0.92 
± 0.12 and 0.91 ± 0.11, respectively, while for caffeine, the C/O was 3.82 ± 0.38. As 
expected, the explosive-like materials (ammonium-acetate and urea) produced smaller 
C/O ratios, while the narcotics-like material (caffeine) generated a higher C/O ratio. 
Within experimental error, the C/O ratios for ammonium-acetate and urea was consistent 
with the calculated value, while the C/O ratio for caffeine was approximately 15 % 
higher than the calculated value.  
Minimum detectable concentrations of H, C and O in the proxy material samples 
The minimum detectable concentration, MDC, and its associated error, σMDC, were 
calculated for hydrogen and carbon in the caffeine, ammonium-acetate, urea and 
melamine bulk samples using the LaBr3:Ce detector in the KFUPM 14 MeV-based 
PGNAA setup. The MDC and its associated error, σMDC, were calculated for an elemental 
concentration C measured for a peak with the net content P and associated background 
content B (under the peak) using equations (3.3) & (3.4) described earlier in section 
(3.3.2). For 90 mm x 145 mm (diameter x height) cylindrical bulk samples containing 
caffeine, ammonium-acetate, urea and melamine, the MDC for hydrogen, carbon and 
oxygen using the KFUPM 14 MeV neutron-based PGNAA setup with the LaBr3:Ce 
detector are listed in Table 4.7. For comparison, the MDC for hydrogen, carbon and 
oxygen in the bulk hydrocarbon samples measured using a LaBr3:Ce detector (section 
4.1.1) are also included. Within statistical errors, the MDC values for H, C and O in the 
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samples are consistent with the MDC from the hydrocarbon bulk samples previously 
reported in Table 4.2. 
 
Samples 
Type 
MDCH 
(wt %) 
MDCC 
(wt %) 
MDCO 
(wt %) 
Hydrocarbons 0.5±0.1 12.2±3.8 15.8±4.8 
Proxy 
Materials 
0.2±0.1 11.9±3.6 16.8±5.1 
 
Table 4.7 Comparison of MDC of Hydrogen, Carbon and Oxygen for the Proxy material samples 
and hydrocarbon samples (table 4.2) for KFUPM 14 MeV neutron-based PGNAA setup using 
LaBr3:Ce 
98 
 
CHAPTER 5 
NITROGEN ANALYSIS OF BULK SAMPLES USING 
THERMAL NEUTRON CAPTURE 
  
In this part of the study, Nitrogen concentration was measured in explosive and narcotics 
proxy material bulk samples (anthranilic acid, caffeine, melamine, and urea) through the 
Thermal Neutron Capture (TNC) reaction using the 350 keV accelerator based prompt 
gamma ray neutron activation (PGNAA) setup, as well as the MP320 portable neutron 
generator-based PGNAA setup. Detection of nitrogen in bulk samples using (NIS) 
PGNAA is a tedious and difficult task due to interference of nitrogen prompt gamma rays 
with oxygen gamma rays. Although nitrogen has a small thermal neutron capture cross 
section, yet it can be detected via prompt (TNC) PGNAA [42,47].   
 
5.1     Monte Carlo Design Calculations of TNC based PGNAA Setup 
In this work a TNC-based PGNAA setup has been developed using the 350 keV 
accelerator to measure nitrogen concentration in bulk samples. Design of the PGNAA 
setup moderator was obtained through Monte Carlo simulations. The setup was then 
tested through measurements of prompt gamma ray intensities produced due to thermal 
neutron capture in explosive and narcotics proxy materials, namely urea, caffeine and 
disperse orange. These materials were chosen because they have elemental ratios similar 
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to benign, explosive and narcotics substances, respectively Table 5.1 shows elemental 
compositions and elemental ratios of the bulk sample materials used in this study. 
 
Sample 
 
Formula 
Sample 
Mass 
(g) 
H 
(wt.%) 
C 
(wt. %) 
N 
(wt.%) 
O 
(wt.%) 
 
N/O 
 
Melamine 
 
C3H6N6 
 
682 
 
4.8 
 
28.6 
 
66.7 
 
0 
 
0 
 
Urea 
 
CH4N2O 
 
816 
 
6.7 
 
20.0 
 
46.7 
 
26.7 
 
1.75 
 
Caffeine 
 
C8H10N4O2 
 
580 
 
5.2 
 
49.5 
 
28.6 
 
16.5 
 
1.73 
 
Anthranilic 
acid 
 
C7H7NO2 
 
534 
 
3.7 
 
44.9 
 
7.5 
 
17.1 
 
0.44 
 
Disperse 
orange 
 
C18H14N4O2 
 
534 
 
4.4 
 
67.9 
 
17.6 
 
10.1 
 
1.74 
 
Table 5.1 Elemental compositions of proxy material samples used in this study 
  
Monte Carlo calculations were carried out using code MCNP4B2 [22] to design a 350 
keV accelerator based PGNAA setup. The PGNAA setup is based upon the detection of 
prompt gamma-rays produced due to the capture of thermal neutrons in the bulk samples. 
Fast neutrons produced in a D(d,n) reaction are moderated down to thermal neutron 
energies at the specimen site using an external moderator [43, 48]. The moderator size 
was optimized through Monte Carlo calculations assuming an isotropic point neutron 
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source. The sample length defines the length of the moderator. For convenience, a sample 
with 90 mm diameter and 145 mm height was used. Thermal neutron yield in the sample 
volume was calculated using F4 Tally of MCNP4B2 code, which allows calculating the 
particle flux averaged over a cell. For the simulation study, the moderators and the 
sample cells were divided into sub-cells of 1 cm thickness. These calculations were 
carried out using a workstation utilizing dual AMD Athlon MP 2800+ processors and 
following the procedure in [43, 48].  
In order to optimize the source-moderator-sample geometry of the setup, the thermal 
neutron flux at the sample location was calculated for three different arrangements of 
source-moderator-sample geometry as shown in Figure 5.1(a-c). Figure 5.1(a) shows the 
geometry for thermal neutron production at a cylindrical sample (90 mm in diameter and 
145 mm in height) by inserting a cylindrical high-density polyethylene moderator (HPM) 
slab between the neutron producing target and the sample. The cylindrical HPM slab 
(disk shaped) has a fixed 25 cm diameter. Its thickness was varied in one-cm steps along 
with the sample source distance. The thermal neutron intensity was calculated in the 
sample volume for each HPM slab thickness.  
In the next step, as shown in the configuration of Figure 5.1(b), the sample was enclosed 
in a HPM cylinder and was placed after a HPM slab with 6 cm thickness obtained from 
calculations of part (a) corresponding to Figure 5.1(a). The HPM slab was included again 
in the geometry to find neutron beam-focusing effects of the slab on the HPM cylinder, if 
any. In part (b) as shown in Figure 5.1(b), the HPM cylinder thickness around the sample 
(i.e outer diameter of the HPM cylinder) was varied in equal steps and the thermal 
neutron intensity was calculated in the sample volume for each external diameter of the 
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moderator cylinder. Finally, the sample was enclosed in the HPM cylinder and was 
placed next to the neutron target without the HPM slab, as shown in Figure 5.1(c). The 
thermal neutron intensity was calculated in the sample volume as a function of the HPM 
cylinder thickness around the sample (outer diameter of the moderator). 
 
 
Figure 5.1 Side view of schematic of three different source-moderator-sample geometries of PGNAA 
setup tested in the present study (a) source + slab moderator (b) source + slab + cylindrical 
moderators and (c) source + cylindrical moderator 
 
Figure 5.2 shows the calculated thermal neutron intensity as a function of moderator 
thickness for the three different cases superimposed upon each other for comparison. The 
thermal neutron intensity for slab-only case (Figure 5.1(a)) increases with slab thickness 
and reaches an optimum value for a 6 cm thick slab and then drops off due to the 
increasing distance from the neutron source. By further enclosing the sample in a HPM 
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cylinder (Figure 5.1 (b)), the thermal neutron intensity increases with increasing 
thickness of the cylinder around the sample and then decreases. The maximum intensity 
of thermal neutrons in the HPM slab + cylinder case was obtained for a combination of 6 
cm thick HPM slab and 4 cm thick HPM cylinder around the sample. 
 
Figure 5.2 Thermal neutron count rate at the sample location from the three geometries plotted as 
the effective moderator thickness (Results of Monte Carlo Simulations). 
 
Finally, the thermal neutron intensity for the sample enclosed in the HPM cylindrical 
moderator without the slab (Fig. 5.1(c)) increases initially with cylinder thickness around 
the sample until it reaches a maximum value for 6 cm thick HPM cylinder. With further 
increases in thickness of the cylinder, the thermal neutron intensity decreases, a trend 
similar to the ones observed in Figure 5.1(a and b). The thermal neutron intensity 
obtained in the design of part(c) was two times higher than the best value achieved from 
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part (a) and (b) designs. Therefore, the design of part (c) was adopted to fabricate the 
moderator of the 350 keV accelerator based PGNAA set. 
Figure 5.3 shows a schematic of the PGNAA setup, built around the 45-degree beam line 
of the 350 keV accelerator. The PGNAA setup has a cylindrical sample 90 mm in 
diameter and 145 mm in height, placed in a cavity drilled through the center of 
cylindrical high density polyethylene moderator with 25 cm diameter and 145 mm height. 
A cylindrical 100 mm x 100 mm cylindrical gamma-ray detector, with its longitudinal 
axis aligned along the sample’s longitudinal axis detects the prompt gamma rays from the 
side of the moderator. The moderator is placed adjacent to the accelerator beam line 
enclosing a deuterium target to moderate the 2.5 MeV neutrons produced by the 
accelerator. In order to prevent undesired gamma rays and neutrons from reaching the 
detector, 3 mm thick lead shielding and 50 mm thick neutron shielding are built around 
the gamma-ray detector. The neutron shielding is made of a mixture of paraffin and 
lithium carbonate mixed in equal weight proportions. 
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Figure 5.3 Schematic top view of the 350 keV accelerator based PGNAA setup used 
 
In the next step the yield of 2.52, 3.53-3.68, 4.51, 5.27-5.30 and 10.38 MeV prompt 
gamma-rays of nitrogen was calculated from anthranilic acid, caffeine, melamine, and 
urea bulk samples inside the detector cell volume with 100 mm by 100 mm (diameter x 
length) dimension for the optimized geometry of the PGNAA set up shown in Figure 5.3. 
For simulation study, the moderators, detector, and the sample cells were divided into 
sub-cells of 1 cm thickness. The yield was integrated in the F4 Tally with ± 10 keV width 
around the gamma ray energy. The intensities and energies of various nitrogen prompt 
gamma ray lines due to thermal neutron capture in nitrogen are given in Table 5.2 [23].  
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Table 5.2 Energies and partial elemental cross section σγz(Eγ)-barns of prominent capture gamma-
rays of bismuth, germanium and nitrogen [23] 
 
To attain a statistical uncertainty of the order of 1% for prompt gamma-ray calculations 
about 40 to 45 min were required to calculate the yield of the most intense gamma-rays 
from the sample. Computation time for thermal neutron yield calculations was half that of 
the prompt gamma ray yield calculation. 
Element Gamma-ray energy (keV) σγz(Eγ)-barns 
N 1678 0.0063 
1885 0.0147 
2000 0.0032 
2520 0.0044 
3532 0.0071 
3678 0.0116 
4508 0.0132 
5269 0.0236 
5297 0.0168 
5533 0.0155 
5562 0.0084 
6322 0.0145 
7298 0.0075 
8310 0.0033 
10829 0.0113 
Element Gamma-ray energy (keV) σγz(Eγ)-barns 
Bi 162 0.008 
320 0.0115 
674 0.0026 
2505 0.0021 
2828 0.00179 
4054 0.0137 
4171 0.0171 
Ge 175 0.164 
493 0.133 
500 0.162 
596 1.100 
608 0.250 
868 0.553 
961 0.129 
1101 0.134 
1204 0.141 
1472 0.083 
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Figure 5.4 shows the calculated yields of 1.68, 2.52, 3.68, 5.28, 6.32 and 10.83 MeV 
nitrogen gamma rays as a function of nitrogen concentration in anthranilic acid, caffeine, 
melamine, and urea bulk samples along with the associated least squares fitted lines. The 
calculated fits were later compared with experimental data. 
 
Figure 5.4 Calculated gamma ray yield plotted as a function of nitrogen concentration in anthranilic 
acid, caffeine, melamine, and urea samples obtained through Monte Carlo simulations 
 
5.2    The 350 keV Accelerator-Based PGNAA Setup  
Prompt gamma-ray intensities of nitrogen from anthranilic acid, caffeine, melamine, and 
urea proxy material samples were measured using the 350 keV accelerator based PGNAA 
setup shown in Figure 5.3. A pulsed beam of 2.5 MeV neutrons was produced with 110 
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keV deuteron beam via the D(d,n) reaction. The deuteron beam pulse had a width of 5 
milliseconds and a frequency of 250 Hz. The pulsed neutron beam improves the signal to 
background ratio in the PGNAA studies. A typical beam current of the generator was 70 
µA. The nitrogen prompt gamma-ray yield data from the proxy samples were acquired 
using a 100 mm x 100 mm (diameter x height) BGO detector for 1-1.5 hours period for 
each sample. 
During sample irradiation, the BGO detector although well shielded, was also exposed to 
thermal neutrons and it registered the prompt gamma-rays due to the capture of thermal 
neutrons in Bi and Ge present in it. Prompt gamma rays produced due to the interaction 
of the neutrons in the beam line materials were also detected by the BGO detector. The 
energies and intensities of prominent prompt gamma-rays due to capture of thermal 
neutrons in detector and samples material are listed above in Table 5.2 [23]. 
Figure 5.5 shows a typical BGO detector pulse height background spectrum over 0-13 
MeV energy taken with empty plastic bottle exhibiting prompt gamma ray peaks at 2.52 
and 4.06-4.26 MeV due to thermal neutron capture in bismuth from BGO detector 
material and iron and chromium in beam line components. The full energy peaks of Cr at 
7.1, 7.9 and 9.7 are quite prominent in Figure 5.5 along with full energy and single 
escape peaks of the unresolved Fe doublet at 7.63 MeV and 7.65 MeV. In order to show 
the background level in the region of 10.8 MeV nitrogen peak, the BGO detector 
background spectrum data shown in Figure 5.5 has been plotted on logarithmic scale in 
Figure 5.6.  
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Figure 5.5 BGO detector background gamma ray pulse height spectrum over 0.00-13.1 MeV taken 
with an empty container showing prompt gamma ray peaks due to thermal neutron capture in 
detector material and beam line 
 
 
Figure 5.6 BGO detector background gamma ray pulse height spectrum over 0.00-13.1 MeV taken 
with an empty container plotted on a logarithmic scale to show background around 10.8 MeV energy 
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Figure 5.7 shows the higher energy part of the BGO detector pulse height spectra from 
anthranilic acid, caffeine, melamine, and urea samples over 8.63-12.35 MeV along with 
the background spectrum. Figure 5.7 shows the nitrogen capture peak at 10.8 MeV along 
with Cr peak at 9.72 MeV. The increasing trend of peak intensity with nitrogen 
concentration in the sample is very clear showing a maximum peak intensity for 
melamine and a minimum peak intensity for anthranilic acid, as expected from data 
shown in Table 5.1. Figure 5.8 shows BGO detector pulse height spectra of melamine, 
urea, caffeine and anthranilic acid samples over 2.43-8.01 MeV showing nitrogen capture 
peaks at 2.52, 3.53-3.68, 4.51 and 5.27-5.30 MeV. The nitrogen peak intensities increase 
with increasing nitrogen concentration, as observed in Figure 5.7. 
Figure 5.7 Prompt gamma-ray pulse height spectra of BGO detector from anthranilic acid, caffeine, 
melamine, and urea samples over 8.63-12.35 MeV showing nitrogen 10.83 MeV peak along with 
chromium background peak. 
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Figure 5.8 Prompt gamma-ray pulse height spectra of BGO detector from anthranilic acid, caffeine, 
melamine, and urea samples over 2.43-8.01 MeV showing nitrogen capture peaks at 2.52, 3.53-3.68, 
4.51 and 5.27-5.30 MeV. 
  
Finally, the background pulse height spectra were subtracted from the samples pulse 
height spectra and the area under the nitrogen peaks from anthranilic acid, caffeine, 
melamine, and urea samples were integrated and normalized to the same number of 
neutrons incident on the sample and background samples. The integrated yields of 2.52, 
3.53-3.68, 4.51 and 5.27-5.30 MeV prompt gamma rays peak of nitrogen have been 
plotted as a function of nitrogen concentration in Figure 5.9. The solid lines in Figure 5.9 
represents fits obtained from Monte Carlo calculations. The integrated yield of nitrogen 
capture peak at 10.8 MeV has been plotted as a function of nitrogen concentration in 
Figure 5.10 along with a solid line fit obtained from Monte Carlo calculations. There is 
an excellent agreement between the theoretical yield and the experimental yield of 
nitrogen prompt gamma rays measured from anthranilic acid, caffeine, melamine, and 
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urea bulk samples using a 350 keV accelerator based PGNAA setup utilizing a 100 mm x 
100 mm (diameter x height) BGO detector. 
 
Figure 5.9 Integrated experimental yields of 2.52, 3.53-3.68, 4.51 and 5.27-5.30 MeV prompt gamma-
rays from nitrogen plotted as a function of nitrogen concentration. Lines represent results of Monte 
Carlo simulations. 
 
 
Figure 5.10 Integrated experimental yields of 10.83 MeV prompt gamma-rays from nitrogen plotted 
as a function of nitrogen concentration. Line represents results of Monte Carlo simulations 
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5.3     The MP320 Portable Neutron Generator Based PGNAA  
In this study nitrogen has been detected in bulk samples via (TNC) using the MP320 
portable neutron generator-based PGNAA setup that was described earlier in section 5.1 
but with MP320 portable neutron generator instead of 350 keV accelerator. Thermal 
neutrons were produced by moderating 2.5 MeV fast neutrons from the portable neutron 
generator using the high density polyethylene moderators. The study has been carried out 
first time about use of a D-D portable neutron generator in detection of nitrogen in bulk 
samples. 
Melamine, caffeine, urea, and disperse orange samples were irradiated in the MP320 
generator-based PGNAA setup as shown in Figure 5.3 (but with the portable generator 
instead of the 350 keV accelerator). Pulsed 2.5 MeV neutrons were produced with 70 
keV pulsed deuteron beam. The portable neutron generator was operated with a pulsed 
deuteron beam with 5 milliseconds pulse width and 250 Hz frequency. The pulsed beam 
improves the signal-to-background ratio in the PGNAA studies. The generator was 
operated at 70 𝜇A deuteron beam current. The nitrogen prompt gamma ray yield data 
from the samples were acquired using 100 mm × 100 mm (diameter × height) bismuth 
germinate (BGO) detector for a period of 3 to 4 hours per sample. The BGO detector was 
chosen because it contains bismuth, which has smaller capture cross-section for thermal 
neutrons as compared to LaBr3:Ce and LaCl3:Ce detectors. 
During sample irradiation, the BGO detector, although well shielded, was also exposed to 
thermal neutrons and registered the prompt gamma rays due to the capture of thermal 
neutrons in bismuth (Bi) and germanium (Ge) present in it. The energies and intensities 
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of prominent prompt gamma rays due to capture of thermal neutrons in detector and 
samples materials are listed in Table 5.2 [23]. Figure 5.11 shows the pulse height spectra 
of the BGO detector from caffeine sample. 
 
Figure 5.11 Prompt gamma ray experimental pulse height spectra from caffeine sample over 0–3.22 
MeV taken with the BGO detector. Also superimposed is pulse height spectrum with lower energy 
part suppressed from caffeine sample. 
 
In this study, gamma ray spectra with energies less than 3.2 MeV energy were acquired. 
Nitrogen gamma rays with higher energies were not analyzed in this study because they 
were interfering with prompt gamma rays from the detector material. Moreover, higher 
energies gamma rays had very poor statistics because the photo absorption cross-section 
of gamma rays above 3 MeV energy decreases drastically due to competing Compton 
scattering and pair production processes. This reduces the detection probability of high 
energy gamma rays above 3 MeV. Although the intensity of 10 MeV nitrogen line is 2.6 
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times higher than the 2.52 MeV line, the photoelectric cross-section however drops by a 
factor of 300 from 2 to 10 MeV. This results in net reduction in detection efficiency of 10 
MeV gamma rays using the BGO detector. 
Figure 5.11 shows BGO detector pulse height spectrum for caffeine sample over 0–3.22 
MeV containing the 2.22 MeV hydrogen capture peak from the moderator material and 
associated single escape (SE) peak. Figure 5.11 also shows prompt gamma ray peaks at 
596, 608, 868, 961, and 1472 keV due to thermal neutron capture in germanium present 
in BGO detector material. Also shown in Figure 5.11 are unresolved prompt gamma ray 
peaks from bismuth in BGO detector material and nitrogen in caffeine at 2.50 MeV and 
2.52 MeV, respectively. Since the production cross-section of 2.52 MeV nitrogen gamma 
rays is two times higher than that of 2.50 MeV gamma ray from bismuth, the nitrogen 
peak is still measureable for samples containing nitrogen in quantities comparable with 
bismuth contents of the BGO detector. The nitrogen prompt gamma ray peak was located 
at the higher energy end of the pulse height spectrum. The count rate in the lower energy 
part of the spectrum was high and it suppressed to minimize detector dead time. The 
lower energy part of the pulse height spectrum was suppressed (offset) using standard 
NIM as shown in Figure 5.12.  
For data analysis purposes, each pulse height spectrum was converted into an excel 
spectrum for later subtraction and peak integration. Also shown in Figure 5.11 is a 
caffeine sample pulse height spectrum with solid line with the lower energy part of the 
spectrum suppressed. In order to resolve the bismuth-nitrogen peaks from hydrogen 2.22 
MeV peak, the detector operating voltage was raised by 50 volts above its optimum 
operating voltage. Due to this effect, the hydrogen peak shown as a solid line is broader 
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than the peak shown as a dotted line and the bismuth-nitrogen peaks are also more 
resolved from the hydrogen 2.22 MeV peak than in the dotted line spectrum.  
 
 
 
 
 
 
Figure 5.12 Electronics block diagram used to suppress the lower energy part of the BGO detector 
spectrum. 
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Figure 5.13 shows (lower energy suppressed) pulse height spectra of melamine, urea, and 
caffeine samples over 1.76 – 2.81 MeV showing the hydrogen capture peak at 2.22 MeV 
along with unresolved prompt gamma ray peaks from bismuth and nitrogen at 2.50 and 
2.52 MeV, respectively.  
 
Figure 5.13 Enlarged (lower energy suppressed) prompt gamma ray experimental pulse height 
spectra of BGO detector from caffeine, melamine, and urea samples over 1.76–2.81MeV showing 
hydrogen capture peak along with the unresolved 2.50 and 2.52MeV bismuth and nitrogen peaks, 
respectively. 
 
Figure 5.14 shows enlarged portion of Figure 5.13 over 2.39–2.84 MeV showing 
unresolved prompt gamma ray peaks from bismuth and nitrogen in melamine, urea, 
caffeine, and disperse orange superimposed upon background spectrum. Since all 
samples have different matrices material, it was difficult to find a common background 
sample material.  
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Figure 5.14 Enlarged unresolved 2.50 and 2.52 MeV bismuth and nitrogen prompt gamma ray 
experimental pulse height spectra of BGO detector from caffeine, disperse orange, melamine, and 
urea samples over 2.39–2.84MeV. 
 
Therefore, the background spectrum was taken with the empty plastic container. 
Furthermore, water or polyethylene background samples are not suitable in this case 
because hydrogen contents of water or polyethylene background samples are higher than 
those of the actual samples and the resulting background level around 2223 keV 
hydrogen capture peak in the background sample will be higher than in the actual 
spectrum. This will therefore suppress the sample effects in the background subtracted 
spectra. The nitrogen peaks have increasing trends depending upon their nitrogen 
concentration.  
118 
 
The lowest nitrogen peak intensity has been measured for disperse orange with 17.6 wt.% 
nitrogen and the highest nitrogen peak intensity has been observed for melamine with 
66.7 wt.% nitrogen concentration, as expected from data shown in Table 5.1. Finally, the 
area under the normalized nitrogen peaks of melamine, urea, caffeine, and disperse 
orange samples was integrated and background was subtracted. The integrated yield of 
2.52 MeV prompt gamma rays peak of nitrogen as a function of nitrogen concentration is 
plotted in Figure 5.15. The solid line in Figure 5.15 represents the calculated yield of 
prompt gamma rays obtained from Monte Carlo calculations following the procedure 
described in [28, 43].  
 
Figure 5.15 Experimental integrated yields of 2.52MeV prompt gamma rays from nitrogen plotted as 
a function of nitrogen concentration in caffeine, disperse orange, melamine, and urea samples. The 
solid line represents the results of Monte Carlo simulations. 
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There is an excellent agreement between the theoretical yield and the experimental yield 
of nitrogen prompt gamma rays measured from melamine, urea, caffeine and disperse 
orange bulk samples using a portable neutron generator-based PGNAA setup utilizing a 
100 mm × 100 mm (diameter × height) BGO detector.  
Minimum detectable concentration of nitrogen in bulk samples 
Finally, the minimum detectable concentration of nitrogen in proxy material samples 
(MDC) was calculated for the portable neutron-based PGNAA setup using equations 
(3.3) & (3.4) described earlier in section 3.3.1.  
The MDC of nitrogen in proxy material samples for the MP320 portable neutron 
generator was calculated to be 8.2 ± 2.5 wt%. In spite of the low thermal neutron flux of 
the portable neutron generator and the low thermal capture cross section of nitrogen; the 
MDC for nitrogen is reasonable. The study has provided useful data for application of a 
portable D-D neutron generator in detection of nitrogen in bulk material samples. 
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CHAPTER 6 
CONCLUSION 
In this study, Prompt Gamma Neutron Activation Analysis (PGNAA) technique was used 
to measure Nitrogen (N), Carbon (C), Oxygen (O) and Hydrogen (H) elements 
concentration in bulk samples. Carbon (C) and Oxygen (O) were determined through 
prompt gamma rays excited in neutron inelastic reactions (NIS) while nitrogen was 
determined through thermal neutron capture (TNC). NIS- and TNC-based PGNAA 
setups were designed utilizing 14 MeV and 2.5 MeV neutron beams respectively. The 
optimum design of the setups was obtained using Monte Carlo simulations. For both 
setups different gamma ray detectors (LaBr3:Ce, LaCl3:Ce and BGO) were tested for 
gamma ray detection. The calibration of the NIS and TNC based PGNAA setups were 
carried out using calibration samples with known elemental composition.  
NIS based PGNAA setup was built around zero-degree degree beam line of the KFUPM 
350 keV accelerator. 14 MeV neutrons were produced via T(d,n) reaction. 4.4 and 6.1 
MeV Prompt gamma ray from carbon and oxygen from benzene, water, ethanol, 
propanol…etc, calibration sample were detected using LaBr3:Ce and LaCl3:Ce detectors. 
Due to the interference of chlorine gamma rays and oxygen gamma ray, LaCl3:Ce 
detector was not used in oxygen measurements. Therefore, LaBr3:Ce detector was used to 
measure C and O from proxy material of explosives and narcotics (caffeine, urea, 
anthranillic acid, melamine..etc.). Good agreement was achieved between the 
experimental results and results of Monte Carlo simulation. 
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Nitrogen in bulk samples was determined using thermal neutron capture (TNC)-based 
PGNAA setup built around 45-degree beam line of the KFUPM 350 keV accelerator. 2.5 
MeV neutrons were produced via D(d,n) reaction. High-density polyethylene cylindrical 
moderator was used to thermalize 2.5 MeV neutrons prior to its capture in bulk samples. 
The sample was placed in a cavity drilled through the center of the moderator. Nitrogen 
prompt gamma rays from proxy material of explosives and narcotics (caffeine, urea, 
anthranillic acid, melamine..etc.) were detected using BGO detector. Good agreement 
was achieved between the experimental results and results of Monte Carlo simulation. 
Moreover, nitrogen concentration in bulk samples was also measured using a thermal 
neutron capture (TNC)-based PGNAA setup built around the KFUPM portable neutron 
generator model MP320. 2.5 MeV neutrons were produced via D(d,n) reaction. High-
density polyethylene cylindrical moderator was used to thermalize 2.5 MeV neutrons 
prior to its capture in bulk samples. The sample was placed in a cavity drilled through the 
canter of the moderator. Nitrogen prompt gamma rays from proxy material of explosives 
and narcotics (caffeine, urea, anthranillic acid, melamine..etc.) were detected using BGO 
detector. Good agreement was achieved between the experimental results and result of 
Monte Carlo simulation. A patent application has been filed in US patent office for this 
portable neutron generator-based PGNAA setup. 
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